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ABSTRACT
As the trend in mainstream IC manufacturing continues to move towards using
very thin layers of silicon and very shallow junctions, the near-surface electrical
properties become more important. Likewise, in the photovoltaic industry, thin layers of
amorphous silicon and shallow junction solar cells using single crystal and multicrystalline silicon are of significant interest. For all of these applications, an effective
method of in-line monitoring of near-surface electrical properties is essential. The nearsurface properties of solar cell materials are of particular interest, where there is a
delicate balance between having the surface textured sufficiently to minimize reflectivity,
but not too excessively as to dramatically reduce carrier lifetime. As solar cell wafers are
becoming thinner and bulk recombination lifetimes improve, carrier diffusion lengths
will begin to exceed the thickness of the wafer. Hence, the back surface recombination
velocity, which directly affects cell efficiency, becomes a critical factor.
Difficulties in determining the impact of near-surface effects on carrier transport
properties of thin layer semiconductors have been encountered with traditional methods
of electrical characterization. The goal of this research was to investigate the nearsurface electrical properties of semiconductor materials, including multi-crystalline
silicon used in the photovoltaic industry, by a modified method of electrical
characterization based on the photoconductive decay (PCD) effect.
The project was completed in two phases. The first phase involved verification of
a photoconductive decay method with a newly developed tool, in both a non-contact
version and a physical contact version, with respect to capability for characterizing a
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shallow subsurface region of selected semiconductor materials. To evaluate the
capability of the tool, the longer recombination lifetimes of single crystal wafers of
indirect bandgap semiconductors Si and Ge (10-100 µs), and the relatively shorter
recombination lifetimes of single crystal direct bandgap semiconductors GaAs and InP
(50 ns – 1 µs) were verified. In an early stage of the study, the sensitivity of the noncontact version of the tool in its current configuration was found to be too low for
characterizing low mobility materials. Subsequently, a high sensitivity temporary contact
version of the tool was developed and utilized for a major part of the project.
The near-surface PCD measured response to surface treatments (native oxide
removal and growth of a passivation layer) performed on prime single crystal Si wafers
correlated with the electrical property changes that are known to occur in response to
change of the chemical condition of the surface. The reduction in measured minority
carrier lifetime and mobility in response to minor increase in surface roughness (~ 1 nm
RMS) of Ge wafers, and the increase in measured minority carrier lifetime of Si wafers in
response to increasing SiO2 thickness (∆tox ≅ 43 nm) demonstrates that the near-surface
PCD method measures carrier transport properties in a very shallow sub-surface region of
semiconductor dominated by surface effects.
The second phase was to utilize the adapted photoconductive decay
characterization method to investigate surface carrier transport properties of solar cell
grade multi-crystalline silicon material. Near-surface mobility measured by the PCD tool
shows a clear distinction between saw damaged and chemically treated wafer surfaces,
with the mobility of the latter being approximately 4 times higher than that of the former,
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while bulk (Hall) mobility measurements did not distinguish between the two surface
conditions. Similarly, the near-surface recombination lifetime measurements show a
distinct difference between the two wafer surface conditions (∆τ = 12µs), while no
conclusion could be drawn from the bulk recombination lifetime difference.
A method of monitoring surface passivation of mc-Si wafers, a critical step for
maximizing solar cell efficiency, utilizing the near-surface PCD tool has been developed.
Experimental results obtained show that the measured recombination lifetime improves
incrementally with SiO2 thickness (∆tox ≅ 43 nm) for both sawed and chemically polished
wafers, with the most significant improvement occurring in going from a bare wafer
surface to tox ≅ 91 nm.
Studies of optimizing the surface texture etch of sawed mc-Si wafers in an acidic
solution were performed by monitoring the recombination lifetime with the near-surface
PCD method. It was found that wafers etched in HF/HNO3/H2O (14:1:5) solution for 2
minutes provided the best compromise between uniform texturization of the surface and
low surface recombination velocity.
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Chapter 1

INTRODUCTION
In semiconductor wafer fabrication, maintaining a good surface condition through
all processing steps has always been a major concern. As semiconductor materials are
moving to very thin layers, the properties of the surface and the near-surface region will
have an increasing impact on the performance of the fabricated electronic devices.
Surface contamination or damage from wafer processing can increase the rate of
recombination of charge carriers at the surface and reduce carrier mobility, leading to a
degradation of performance in devices fabricated from the wafer. In order to obtain
acceptable production yields, in-process characterizing of the semiconductor surface,
prior to device fabrication, is necessary. A method for evaluation of the surface condition
and effectiveness of various surface treatments is needed for both process development
and for manufacturing process control. A simple technique that can be used to scan large
surface areas would be beneficial to industry and research, in particular for the
development and manufacturing of solar cells based on novel materials.
Various methods of spectroscopy involving chemical and physical analysis,
electrical characterization, and optical characterization have been previously utilized to
evaluate semiconductor surface properties. The results from electrical characterization
are arguably the most useful, as they will best reflect how the near-surface characteristics
will affect final device performance [1]. Electrical characterization methods are also well
suited for probing semiconductor wafers in manufacturing, since every wafer can be
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characterized due to the speed at which results can be obtained. Test sites with
metallization could be fabricated in the wafer, but this consumes a portion of the wafer
and does not provide for scanning the whole surface to obtain regional information. A
non-contact version of electrical characterization provides the additional benefit of being
non-destructive [2-5].
For all of these reasons, it would be beneficial to have a method of electrical
characterization which is optimized for evaluating the near-surface region of
semiconductor materials. The depth of the region to be evaluated should be sufficiently
shallow such that surface effects will dominate. A characterization method which is
dominated by bulk effects is not useful in this regard. Time resolved photoconductive
decay (PCD) following a short pulse of illumination was previously found to be a useful
method for determining bulk carrier recombination lifetime [6a]. An initial goal of this
study was to investigate the characterization of the electrical properties in a very shallow
sub-surface region of a semiconductor material, utilizing an adaptation of PCD devised
specifically for this investigation. The adapted near-surface PCD tool was established
with materials which are well established in mainstream semiconductor manufacturing
and for which the electrical properties are well known. The single crystal materials used
in this part of the investigation include key semiconductors Si, Ge, GaAs, and InP. After
establishing that the near-surface PCD tool was capable of providing reliable and
reproducible measurements of electrical properties within the range of interest, it was
determined that the tool was ready for measuring semiconductor materials for which the
electrical properties are not well known.
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A large portion of current worldwide solar cell production is based on multicrystalline silicon (mc-Si). Low cost of production is possible since the wafers are
manufactured by a casting process using a lower grade of silicon. However, the tradeoff
for these lower cost wafers is higher densities of defects. Transition metal impurities and
surface damage from the sawing and texturing processes degrade the electrical properties,
resulting in a reduced level of cell performance relative to single crystal Si wafers [6, 7,
8]. Maintaining acceptable solar cell performance with mc-Si wafers requires careful
monitoring of the fabrication process to ensure that defect density is minimized. Of
particular concern is the condition of the mc-Si surface after wafer processing. An
atomically smooth surface is usually desired for lowest possible defect density.
However, in order to minimize reflectivity and enhance light trapping in solar cells, a
textured surface is required. A challenge for solar cell makers is to fabricate a substrate
with textured surface while maintaining acceptable surface electrical properties. A
primary goal of this study is to investigate surface electrical properties of solar-cell grade
multi-crystalline silicon material utilizing the near-surface PCD tool. The method was
utilized to evaluate the effects of crystallographic orientation, grain boundaries, and
surface texturing on the near-surface electrical properties of multi-crystalline silicon
wafers used for solar cell applications. The PCD method was also explored for the
purposes of monitoring saw damage removal and monitoring oxide removal and growth.
Electrical characterization of thin film semiconductor materials has been found to
be particularly challenging since most commercially available tools are optimized for
measuring bulk electrical properties. Available non-contact surface characterization tools
require a space charge region at the surface which excludes a significant portion of the
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film from the characterization. The near-surface PCD tool was explored and found to be
a very promising solution for electrical characterization of thin film layers such as
Silicon-On-Insulator (SOI).
During the initial part of the investigation, a newly developed radio frequency
photoconductive decay (RF-PCD) characterization tool was investigated as a potential
method for implementing a non-contact version of near-surface PCD characterization.
Radio frequency absorption is an attractive non-contact technique that has been used
previously to characterize conductivity in bulk semiconductor materials [9]. Again, this
technique was adapted in this investigation for the study of near-surface electrical
properties. Characterization studies of surfaces of selected semiconductor materials are
performed with the near-surface RF-PCD tool. The materials used in this investigation
include Si, Ge, and GaAs. Preliminary experiments were also done with SiC. Minority
carrier lifetime and peak photoconductivity were measured for these materials, from
which the mobility was derived. However, it was determined that the sensitivity of this
non-contact tool may not be sufficient for characterizing lower grade semiconductor
materials such as those used in the photovoltaic industry. Therefore, another PCD tool
was developed using a temporary contact to the semiconductor surface. The much
improved sensitivity of this tool made it possible to characterize the electrical properties
of thin film semiconductors, surfaces of multi-crystalline silicon wafers, and to monitor
the effects of surface treatments on these wafers.
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Chapter 2

BACKGROUND

2.1 Electrical Characterization of the Near-Surface Region
Two electrical transport properties of primary interest in semiconductor
characterization are minority carrier lifetime and mobility. Minority carrier lifetime (τ)
has been widely used for qualification of semiconductors because it provides an overall
assessment of defect densities [10, 11]. Mobility (µ), which is often used as a figure of
merit to compare different semiconductor materials, is well documented for most
semiconductor materials in commercial production [12]. However, for the purposes of
verification and investigation of novel materials, a method for determining mobility is
essential. In addition, both minority carrier lifetime and mobility at the surface are often
lower than their bulk counterparts, due to recombination centers and scattering sources
caused by the abrupt discontinuity of the lattice. Typical minority carrier lifetime in the
bulk is in the ms range, while minority carrier lifetime at the surface is often less than 100
µs. For high quality Si, typical electron mobility is 1500 cm2/V-s in the bulk, but less
than 1000 cm2/V-s at the surface [13]. In general, significant changes in the electrical
properties of semiconductor surfaces can be inflicted by relatively minor changes in
process parameters (e.g. [14, 15]). The ability of a characterization method to distinguish
a near-surface from a bulk property is essential in order to assess the condition of the
surface, and evaluate the effectiveness of various surface treatments [16, 17]. A single
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non-contact tool which can provide both minority carrier lifetime and mobility for a nearsurface layer of the semiconductor material, and which can be implemented at a
reasonable cost, would be useful in both industry and in the research laboratory.

2.1.1 Process Monitoring of Semiconductor Wafer Surfaces
The primary benefit of in-line process monitoring is detecting anomalies in
materials or processes as early as possible in the fabrication process, rather than
discovering the defects at back end final device functional electrical test. The value of a
wafer increases rapidly with each processing step, so early detection of wafers that are
going to perform poorly reduces overall production cost.
Surface cleaning is an important process step which is used to remove reactants
and reaction products, and provide a stable surface for the next step in the process
sequence [18]. However, surface cleaning can roughen the surface which deteriorates the
electrical properties at the interface with the subsequent semiconductor or dielectric
layers. For example, degradation of carrier mobility near the Si-SiO2 interface due to
roughness scattering has been reported [19-22]. Similarly, surface roughness from
cleaning processes have been found to reduce the high mobility advantage of the Ge
substrate [23]. In-line process monitoring of wafer cleaning processes can ensure
removal of particulates, organic and inorganic residues, and unwanted oxide layers, with
a minimal amount of incurred surface roughness. The use of such a tool will make it
possible to maintain high process yields [16, 24].
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Surface treatments are used to prepare semiconductor wafer surfaces for the
subsequent operation (i.e. gate oxide formation, contact deposition), for passivation of the
finished surface, or temporary protection for storage/shipping. When oxide growth is
employed, it is useful to monitor the change in electrical properties near the interface. An
in-line tool for evaluating the effectiveness of such surface conditioning, with regard to
producing the desired interface electrical properties, would provide the necessary
feedback in order to maintain efficient processes.
A thin surface oxide is often present on semiconductor wafer surfaces which are
in queue for processing. The removal of the thin oxide layer is required for most process
steps. An HF solution, varying in strength from 100:1 to 10:7 (H2O to HF), is used to
etch away the oxide layer [25]. Immersion times also vary depending on the thickness of
the oxide layer to be removed. Once the etch process is complete and the wafer is rinsed
and dried, there is a limited amount of time for which the surface remains oxide free as
the native oxide growth process will begin shortly after exposure of the wafer surface to
ambient air. While characterization tools do exist for monitoring of the oxide removal
process (i.e. XPS and contact wetting angle), it is not feasible to employ them for the
purpose of process monitoring as they are very slow. However, if a tool was available for
characterization of the near-surface electrical properties, the monitoring of oxide removal
and subsequent re-growth could be accomplished in-line by tracking the improvement
and stabilization of electrical properties pre and post etch.
Deposited single crystal thin film semiconductor layers are used to fabricate high
quality devices and circuits when the crystal quality and doping control limitations of
bulk wafers are not acceptable. Epitaxial layers are often used as a high quality base for
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CMOS devices. In order to characterize the electrical properties of such thin film
semiconductor layers, it is essential to be able to separate the near-surface properties from
the bulk properties. Hence, a tool designed specifically for characterizing near-surface
electrical properties would fill the need for in-line process monitoring of thin film
semiconductors.

2.1.2 Electrical Characterization of Multi-crystalline Silicon Wafer Surfaces
In a photovoltaic system, the production of power is at the point of use, a system
often referred to as distributed generation [26]. Due to the volume of cells that must be
installed to support such a system, it is essential to produce low cost cells. Likewise, it is
also essential to provide cells with moderate to high efficiency in order to minimize the
number of cells required at each point of use. As the cost of photovoltaics continues to
decline, and the technology continues to improve, the solar cell industry needs to be
positioned for significant growth.
Approximately 90% of the world’s solar cell production for terrestrial
installations utilizes a Si technology [27]. The advantage of Si over other semiconductor
materials: it is an abundant element, it has a passivating native oxide, it can be easily
doped p- or n- type, and the processing technologies can leverage off of a very well
established microelectronics industry [27].
The two primary technologies for Si solar cells are bulk crystalline wafers and
thin films. Single crystal wafers produced from ultra-pure grade Si by the Czochralski
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and float zone technologies provide for high efficiency solar cells, however these wafers
are expensive due to the high cost of manufacture. A low cost alternative for large area
solar cells is amorphous Si thin films. However, the low efficiency of thin film Si solar
cells may not be adequate for a point-of-use photovoltaic system. A material which has
higher efficiency than thin film amorphous Si, but lower cost than single crystal Si wafers
is desirable.
An increasingly large portion of manufactured solar cells are using a multicrystalline silicon (mc-Si) technology. Cast mc-Si wafers with large grain sizes offer a
good compromise between cost and efficiency. Low cost of wafer production is achieved
by manufacturing from refined lower-grade Si, rather than ultra-pure grade used for
prime wafers. Ingots are cast in a square mold, and then sliced into square wafers (Figure
2-1). Single grains are continuous from the front to the back surface, and grain
boundaries are perpendicular to the plane of slices.
A typical solar cell structure is shown in Figure 2-2. The p-type base, or absorber,
is the region where most of the absorption of photons occurs. The n+ emitter extends
from the top surface to form the p-n junction. To allow for a thick absorber in order to
absorb most of the solar radiation, junction depths are shallow, with standard emitters
only going to 1 µm depth, and shallow emitters as thin as 195 nm [28]. There are four
key performance characteristics of a solar cell: short circuit current density (JSC), open
circuit voltage (VOC), fill factor (FF), efficiency (η) [29]. These quantities are related by

η=

J SCVOC FF
PIN

where PIN is the incident light power density [29].

(2-1)
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Figure 2-1: Multi-crystalline Si wafer following chemical treatment to remove saw damage.
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Figure 2-2: Crystalline Solar Cell Structure. From [30]
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Ideally, in a solar cell, the photogenerated carriers must be transported to the
external circuit before recombination. However, defects and impurities in the
semiconductor material provide recombination sites for the carriers, resulting in reduced
photocurrent. With less photocurrent being produced by the cell, there is a reduction in
JSC and FF which leads directly to a reduction in cell efficiency according to Equation 21.
In particular, significant recombination losses occur at surfaces and grain
boundaries in mc-Si. On the surface, high defect densities are found due to the abrupt
discontinuity of the lattice and the presence of organic and inorganic impurities.
Additionally for solar cells, surface texturing is used to improve anti-reflection
properties, which may further degrade the near-surface electrical properties due to the
resulting crystallographic irregularities at the surface [31, 32]. Grain boundaries, in some
respects, are similar to surfaces, since there is also a discontinuity of the lattice and
broken bonds. In addition, clusters of impurities (i.e. transition metals) in grain
boundaries of mc-Si wafers lead to degradation of electrical properties in the localized
grain boundary region [6]. Such defects result in interface states, generating a potential
barrier between the grains, which in turn decreases the effective mobility in the grain
boundary region [33]. Due to the local field, there is a higher probability of carrier
capture at a grain boundary, and hence there is also a reduced minority carrier lifetime in
the localized grain boundary region [33]. In contrast to homogeneous single-crystalline
Si wafers, mc-Si wafers can have large variations in surface properties across the wafer.
This presents a challenge for electrical characterization of surfaces of mc-Si substrates.
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To further reduce cost, the photovoltaic industry is moving to thinner wafers [27].
Solar cell mc-Si wafers are typically as thin as 200 µm, or less [34]. As bulk
recombination lifetimes improve (τ > 20 µs), the diffusion length exceeds the thickness
of the wafer, and the back surface recombination velocity becomes a critical factor. In
addition, the long wavelengths of the solar spectrum are absorbed close to the back
surface of thin wafers, generating carriers that are subject to back surface recombination.
Previous studies have demonstrated that the more improved the bulk recombination
lifetime becomes, the bigger the impact of large back surface recombination velocity on
the reduction of the efficiency of the final solar cell, as shown in Figure 2-3 [35-37].
In summary, a direct correlation has been found to exist between final cell
efficiency and surface recombination lifetime of substrate wafers of mc-Si [35-37].
Furthermore, since the junction depth of the mc-Si solar cell is less than 1 µm, it would
be beneficial to electrically characterize the substrate wafer in a fashion such that
properties of a shallow sub-surface region are distinguished from the bulk properties. In
a high volume manufacturing environment, early in-line process monitoring of nearsurface electrical properties could reduce overall cost of production by avoiding
processing of defective wafers that would produce low efficiency cells. As will be
discussed in more detail in the following sub-chapter, many commercially available tools
are available for in-line process monitoring of high quality single-crystal wafers.
However, these tools primarily measure bulk properties and are not suitable for
characterizing mc-Si wafer surfaces [38].
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Figure 2-3: Solar cell efficiency as a function of back surface recombination velocity and bulk
carrier lifetime for mc-Si material. (From [35])
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2.2 Review of Commercially Available Electrical Characterization Tools
Most commercial tools have been developed for use in manufacturing of Si
wafers, although some commercial tools can also be used for GaAs and GaN. In most
methods, a time-varying stimulus is provided, and a time-varying signal response is
measured. The most common methods for measuring minority lifetime are surface
photovoltage (SPV), microwave photoconductive decay (µ-PCD), and quasi-steady-state
photoconductance (QSSPC). Resistivity can be characterized by a time-dependent
capacitive measurement (COREMA), and junction photovoltage (JPV) methods. Corona
oxide semiconductor (COS) is a non-contact method that provides surface photovoltageV curves. Mobility can be characterized by temporary contact using a conventional Hall
effect tool, or in a non-contact fashion by COREMA, or by a microwave Hall method
(Lehighton Electronics).
A literature survey revealed other non-contact methods that are being investigated
such as microwave detected photo induced current transient spectroscopy (MD-PICTS)
[39], and interferometric contactless characterization of recombination [40].
Not covered in this review are non-contact methods which are based on a
principle of electronic interactions, but were primarily developed for obtaining threedimensional characteristics of the surface such as Atomic Force Microscopy (AFM) and
Scanning Tunnel Microscopy (STM). However, it should be noted that an enhanced
version of Atomic Force Microscopy, conducting AFM, has been utilized for obtaining
quantitative information on conductivity of semiconductor films [41, 42].
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2.2.1 Surface Photovoltage (SPV)
Originally proposed by Goodman [43], the principle of SPV is that photons with
energy greater than the bandgap energy of the material are absorbed, creating electronhole pairs. A surface space charge region is required to collect the minority carriers at
the surface and establish a surface potential, with respect to a grounded back surface.
The resulting decrease in band bending is measurable, and is referred to as the surface
photovoltage (Figure 2-4). An ac SPV is induced by a chopped light beam, and the signal
is detected by capacitive coupling over an air gap to a probe. The effect is a strong
function of the surface characteristics, and the tool is effective for measuring minority
carrier lifetime, resistivity, and impurity concentration at the surface. SPV tools are
commercially available from Q.C. Solutions [1], Semiconductor Diagnostics, Inc. [44],
and KLA-Tencor [45]. A drawback of the SPV method is that the subsurface region
defined by the space charge region is excluded from the characterization.

2.2.2 Junction Photovoltage
Junction photovoltage (JPV) was developed by Frontier Semiconductor [46, 47]
primarily for characterizing photo-voltaic materials with a p-n junction near the surface.
A modulated light beam, with photon energy greater than the bandgap of the
semiconductor, illuminates the surface junction and creates electron-hole pairs (Figure 25). Because there is a built-in potential from the p-n junction, the carriers are swept out
of the space-charge region by the electric field. Then the carriers diffuse from the
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Figure 2-4: Band Diagram illustrating the SPV effect. From [48].
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Figure 2-5: Junction Photovoltage schematic for non-contact probing of p-n junction sheet
resistance and leakage current. From [46].
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illumination region. The spatial extent of the carrier spreading, which is a function of the
sheet resistance, is sensed by two electrodes, one over the illumination area, and the
second 1 mm away [46]. Minority carrier diffusion length is determined by comparing
the JPV signal strength for two different wavelengths corresponding to light penetration
depths of 50 µm and 200 µm [46].

2.2.3 Corona Oxide Semiconductor
In the Corona Oxide Semiconductor (COS) method, ions are generated from a
corona discharge which are deposited on the semiconductor surface in order to emulate
the function of an MOS electrical contact [49]. A vibrating Kelvin probe is used to
measure the DC potential at the surface, and a pulsed light source generates a surface
photovoltage. This measurement setup allows for acquisition of SPV-V curves, similar to
MOS C-V curves, as well as carrier lifetime [44].
However, the COS method requires an insulating dielectric with low leakage in
order for the corona charge to be deposited and sustained, and hence cannot be used to
characterize a bare semiconductor surface.
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2.2.4 Time-dependent Capacitive Measurement
Contactless resistivity mapping (COREMA) evaluates the exponential decay of a
voltage induced dielectric polarization, caused by mobile carriers [50]. Figure 2-6 shows
the capacitive probe, relative to the sample wafer, with an air gap of 50 µm [50]. The
exponential time dependence of the charge Q(t) (in Figure 2-7) allows for determination
of the relaxation constant τ and the charges Q(0) and Q(∞) and the resistivity is obtained
by [50]

ρ = τQ(0) ε 0 εQ (∞)

(2-2)

where ε is the dielectric constant. Topographic images of ρ are obtained with lateral
resolution

1 mm [50].

Mobility (µ) is obtained by the magnetoconductance effect by [p18]

µ = B −1 [τ ( B) / τ (0)] − 1

(2-3)

where time constants τ(B) and τ(0) are measured with and without a magnetic field B.
The drawback of this method is that it is only applicable for µ >1000 cm2/V-s [50].

2.2.5 Hall Method
Commercial systems such as the Lehighton Electronics LEI 1600 [51] are available for
measuring µ of bulk semiconductor wafers using a non-contact version of the Hall
method. The Model 1600 utilizes a microwave source and three microwave detectors for
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Figure 2-6: Schematic of COREMA measurement system. From [50].

Figure 2-7: Diagram showing COREMA principle of operation. The charge transient after
application of a voltage pulse is shown. The inset shows the equivalent circuit of the capacitive
probe. From [50].
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Hall, forward, and reflected power [51]. The signal levels for the three power detectors
are measured with respect to a magnetic field value. The data analysis is based on a
theoretical model, which considers the interaction of the magnetic fields and the
microwave power with the sample structure. The values of mobility, conductivity, and
sheet charge for a single layer or multiple layers are derived from a statistical best fit to
the theoretical model [51]. The drawbacks of this method are that it provides an effective
µ dominated by bulk effects, and it is only applicable when µ > 600 cm2/V-s.

2.2.6 Microwave Reflectance Photoconductive Decay (µPCD)
The microwave reflectance method of non-contact PCD uses the change in
microwave reflection from the sample to detect photoconductivity. The microwave PCD
method is convenient because of simple setup for sample measurement, and several
systems are commercially available for measuring minority carrier lifetime (Figure 2-8)
[52]. However the largest and primary maker of this tool, Semi Lab, recommends µPCD
only for measurement of bulk minority carrier lifetime, with best results being obtained
when samples have well passivated surfaces [53, 54]. Additionally, this method of
detection has limited capability for determination of photoconductance amplitude
because the microwave reflection is a non-linear function of the sample conductivity
(Figure 2-9) [55, 56]. This limitation is a drawback for mobility determination, since an
accurate quantification of the relative change in amplitude of the photoconductivity
signal (∆σ) is crucial to determine µ from PCD.
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Figure 2-8: Schematic of a microwave PCD system. From [57].
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Figure 2-9: The calculated microwave reflection vs. sample conductivity using the Kunst-Beck
[21] formulas. A, ω =10 GHz; B, ω =20 GHz; C, ω =30 GHz. From [56].
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2.2.7 Quasi-Steady-State Photoconductance (QSSPC)
The quasi-steady-state photoconductance method is a non-contact technique in
which the magnitude of photoconductivity from flashlamp illumination is measured, and
then the effective minority carrier lifetime τeff is derived from the equation [58]

τ eff = σ L [ J ph ( µ n + µ p )]

(2-4)

where σL is the excess photoconductance, Jph is the photogenerated current density, and
µn and µp are the electron and hole mobilities respectively. The mobility of the carriers
and the photocurrent density need to be known. In order to establish the photocurrent
density, the net light absorbed taking into account the reflection must be known. In
contrast to the transient method which is used by most, if not all, tools for measuring
carrier lifetime, QSSPC is a steady state measurement. The flashlamp is pulsed at a slow
rate to avoid heating of the semiconductor. While this tool is useful as a simple method
for determination of bulk lifetime, it is not suitable for near-surface investigation as
carrier mobility is reduced near the surface and is unknown. Additionally, the flashlamp
light source provides a broad spectrum of illumination wavelengths, resulting in a wide
range of absorption depths from shallow to deep.
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2.3 Summary of Available Electrical Characterization Tools
As discussed earlier, the ability of a characterization method to distinguish a nearsurface from a bulk property is essential in order to assess the condition of bulk wafer
surfaces and thin film semiconductors, and to evaluate the effectiveness of various
surface treatments. In particular, a method of near-surface electrical characterization is
needed for surfaces of mc-Si wafers used in solar cell applications, which suffer from
high defect densities associated with the use of lower grade Si and anti-reflective surface
texturing. A summary of commercially available tools and their capabilities can be seen
in Table 2-1. With the exceptions of Surface Photo-voltage (SPV) and Corona Oxide
Semiconductor (COS), commercially available tools for in-line process monitoring of Si
wafers typically only measure bulk properties. The SPV method is sensitive to surface
conditions, but can only be used when there is an appropriate surface charge present to
generate depletion or inversion at the surface. The COS method provides near-surface
carrier lifetime but, as discussed earlier, cannot be used to characterize a semiconductor
surface without a sufficient dielectric layer. Therefore, neither SPV or COS are suitable
for characterization of wafer surface treatments due to the requirements of pre-treatment
and surface charge.
Clearly, a modified characterization method needs to be explored in order to
effectively monitor the condition of semiconductor wafer surfaces and thin films during
the fabrication process. This need is especially relevant to the photovoltaic industry,
where the trend is moving towards lower grade materials and thinner wafers with shallow
junctions.
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Table 2-1: Summary of Commercially Available Tools for Characterizing Carrier Transport
Properties.
Method

Tool
Name
SPV

Properties
Measured
Q s ,bulk LD
near
surface
τ, ρ, NX
bulk ρs, LD

Vendors

Limitations

Ref.

Requires a depletion
region at the surface.

[45]

Junction
Photovoltage
Corona Oxide
Semiconductor

JPV

Photoconductive
DecayMicrowave
Reflectance
Hall Method

µ-PCD

bulk τ

Q. C. Solutions,
Semiconductor
Diagnostics Inc.,
KLA-Tencor
Frontier
Semiconductor
KLA-Tencor,
Semiconductor
Diagnostics Inc.,
Semi Lab
Semi Lab

Hall

bulk ρ, µ

Accent

Surface
Photovoltage

Time-dependent
Capacitive
Measurement
Quasi-SteadyState Photoconductance

COS

near
surface
C-V, τ

COREMA

bulk ρ, µ

QSSPC

bulk τ

Symbol definitions:
Q s = surface charge
τ = minority carrier lifetime
NX = doping concentration
ρs= sheet resistance
LD= diffusion length
ρ = resistivity
µ = mobility
σ = conductivity

Lehighton
Electronics, Inc.
SemiMAP
Scientific
Instruments
Sinton
Consulting

Requires a p-n
junction.
Requires an
insulating dielectric
on the surface.

[46]
[49]

System response is a
non-linear function of
σ.

[45]

Small sample
size(Accent)
µ > 600cm2/V-s(LEI)

[59]

µ > 1000cm2/V-s

[50]

Measurement
uncertainty: not a
transient measure of τ

[58]

[51]
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Chapter 3

NEAR-SURFACE PHOTOCONDUCTIVE DECAY (PCD)

Time resolved photoconductive decay (PCD) following a short pulse of
illumination was previously found to be a useful method for determining bulk carrier
recombination lifetime [60, 61]. In the PCD method, electron-hole-pairs are generated by
optical excitation when the sample surface is illuminated by photons with energy greater
than the bandgap energy of the material, and the conductivity decay is monitored as a
function of time after the illumination is turned off. A space charge region is not needed.
PCD characterization provides minority carrier lifetime (τ), and indirectly carrier
mobility (µ). As discussed in the previous chapter, commercially available PCD tools are
optimized for measuring bulk τ. In this study, the PCD method has been adapted
specifically for the purpose of characterizing wafer surfaces, thin film semiconductor
layers, and monitoring the effects of surface treatments on wafers by measuring carrier
properties in a very shallow sub-surface region.
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3.1 Separation of Bulk and Surface Properties in the PCD Method
During electrical characterization of semiconductors, separation of the bulk and
surface related phenomena needs special attention and typically requires formation of test
devices such as Schottky contacts or MOS capacitors. This study addresses selected
aspects of semiconductor wafer surface process monitoring through electrical
characterization which does not require formation of permanent ohmic contacts to the
surface.
PCD measures an effective minority carrier lifetime given by [60]
1
1
τ eff = τ B + τ S

1

(3-1)

where τB is the bulk lifetime and τS is the surface lifetime. When bulk properties are of
interest, the contribution from surface recombination velocity must be known in order to
determine τB unambiguously from τeff. However, when changes in surface properties are
of interest as in this study, a short wavelength of a monochromatic illumination may be
selected for shallow optical absorption (Figure 3-1). In this case, it is an advantage that

τeff is predominantly determined by τS for a thin sample region, and the bulk contribution
does not need to be known.
In the course of PCD characterization, during a pulse of short wavelength
illumination, a high excess carrier concentration will be generated near the surface while
a very low concentration exists elsewhere in the semiconductor. Hence, diffusion of
carriers from the near-surface region where they are generated into the bulk region needs
to be considered. For long effective lifetimes, the carrier concentration profile may
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Figure 3-1: Generation rate of electron-hole pairs as a function of distance from the surface for
long- short-wavelength light. From [61].
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evolve such that the time resolved electrical characteristics show a transition from surface
properties to bulk properties. The equation for the excess minority carrier concentration
in a p-type semiconductor in the absence of an electric field is given by [61],
∆n p ( x, t ) =

⎛ x2
t ⎞
− ⎟⎟
exp⎜⎜ −
πDn t
⎝ 4 Dn t τ n ⎠
N

(3-2)

where ∆np(x,t) is the excess electron concentration as a function of distance from the
surface and time, N is the number of electrons generated per unit area, Dn is the diffusion
coefficient for electrons, and τn is the effective minority carrier recombination lifetime.
The excess electron concentration is plotted in Figure 3-2 for p-type Si in the case of long
effective τn (10 µs), and short effective τn (1 µs), using a minority carrier diffusion
coefficient Dn of 35 cm2/s (at a temperature of 300 K) [62]. For an effective τn =10 µs, a
shift in recombination lifetime and carrier mobility from near-surface characteristics to
bulk characteristics, as the time resolved measurement evolves from t= 0 µs to t= 10 µs,
is expected to occur. However, for an effective τn =1 µs, the carriers recombine in the
near-surface region before any significant diffusion can occur, and the reflected
properties will represent only the near-surface characteristics.
When the effective recombination lifetime is sufficiently long such that the PCD
curve indicates a reduction in slope as the sweep progresses, the near-surface
characteristics can be extracted by analysis of the slope of the photoconductive decay in
the vicinity of t0. As diffusion coefficients depend on the material, it is important to
consider these effects when evaluating recombination lifetime of various semiconductors.
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Figure 3-2: Excess minority carrier concentration profile in p-type Si as a function of time for an
effective recombination lifetime of 10 µs (a), and 1 µs (b).
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3.2 Near-surface Minority Carrier Lifetime

Excess carriers injected by the illumination pulse increase the conductivity of the
semiconductor by [60]
∆σ = q ( µ n ∆n + µ p ∆p )

(3-3)

where ∆σ is the increase in conductivity (photoconductivity), q is the electron charge, µn
is the electron mobility, µp is the hole mobility, and ∆n and ∆p are excess electron and
hole concentrations respectively. For insignificant trapping, ∆n= ∆p and hence by
equation 3, ∆σ is proportional to a change in ∆n (or ∆p). The time dependence of the
carrier decay, governed by the recombination lifetime τ, is given by [60]
∆n(t ) = ∆n(0) exp( −t / τ )

(3-4).

A timing diagram for determination of τ by PCD is shown in Figure 3-3. As discussed
earlier, for long effective τ , significant diffusion of carriers from the near-surface region
into the bulk region may occur, producing a changing slope of photoconductance (σ)
decay as illustrated in Figure 3-3b. The two time constants are easily identifiable in the
plot of log|σ| (Figure 3-3c). In this case, a segmented analysis of the photoconductive
decay data is required in order to distinguish the near-surface recombination lifetime
from the bulk recombination lifetime. In the case of short effective τ, carriers mostly
recombine in the near-surface region, and a single time constant is produced.
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Figure 3-3: A short pulse width of illumination to the sample area (a) turns off at to. The time
resolved photoconductance is measured by the oscilloscope (b). A plot of photoconductance on a
logarithmic scale (c) allows for determination of the time constant(s).
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3.3 Near-surface Carrier Mobility
The PCD method can provide information about relative changes in near-surface
carrier mobility without the need for having the sample in a magnetic field. Since the
minority carrier lifetime of the semiconductor is simultaneously measured with the
photoconductivity, the mobility is directly derived from,

µ = ∆σ qGτ

(3-5)

where µ is the sum of electron and hole mobilities, and G is the carrier generation rate
[61]. The generation rate G of carriers per unit volume is given by
⎛P
⎞
G = η ⎜ opt
⎟ Ad
ν
h
⎝
⎠

(3-6)

where η is the quantum efficiency, Popt is the incident optical power, hν is the photon
energy, A is the area of illumination, and d is the light penetration depth into the sample
[61]. Determination of an absolute value of mobility would require knowledge of
quantum efficiency and absorbed optical power, so that a value for G can be determined.
In practice, these parameters are difficult to determine. In this study G is assumed
constant, hence µ is proportional to ∆σ/ τ . Reproducibility of the measurement is
assured by maintaining constant illumination intensity with a calibrated optical power
meter and using a calibrated digitizing oscilloscope for the time resolved measurements.
As the semiconductor surface condition changes during processing, the relative change in
near-surface µ is monitored with respect to a reference measurement.
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3.4 Characterization of Semiconductor Materials of Interest
The wavelength of the illumination determines which materials can be
characterized, and the light penetration depth. The photon energy with a 658nm laser
diode is 1.88 eV, making it possible to characterize Si, Ge, GaAs, and InP since Eph > Eg
for these materials. The optical absorption coefficient as a function of wavelength [α(λ)]
for semiconductor materials of interest is shown in Figure 3-4. The light penetration
depths α(λ)−1 are shown in Table 3-1. The semiconductor thickness can be on the order
of, or many times greater than, this depth. It should be noted that in the case where the
semiconductor thickness is considerably less than α(λ)−1, a significant number of photons
will pass through the sample without being absorbed, resulting in a low ∆σ signal and a
lower system signal-to-noise ratio. For the purpose of investigation of mc-Si wafers for
solar cell applications, an illumination λ of 658 nm is appropriate since the light
penetration depth is 4 µm. In this case, an abundance of photo-injected carriers will be
generated above and just below the typical emitter junction depth of 1 µm.

Table 3-1: Light penetration depth for semiconductors of interest at λ=658nm and λ=980nm.
Material

α(cm-1) for
λ=658nm [9]

α(cm-1) for
λ=980nm [9]

d(µm) for
λ=658nm

d(µm) for
λ=980nm

Si

2.5x103

4

180

56

GaAs

2x104

0.5

-

-

Ge

1x105

0.1

2x104

0.5

SiC

-

-

-

-
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Figure 3-4: Optical absorption coefficient versus wavelength for different semiconductor
materials of interest. From [61].
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3.5 RF-PCD
The RF-PCD method uses inductive coupling to detect conductivity in the
semiconductor, operating at a frequency in the RF regime (<1 GHz). The depth of
detection in the semiconductor, the skin depth (δ), is given by

δ = ρ / π ⋅ f ⋅ µ 0 = 5.03 x10 3 ρ / f cm

(3-7)

where ρ is the resistivity (Ω-cm), f is the frequency (Hz), and µ0 is the permeability of
free space [60]. The lower operating frequency of RF-PCD, as compared to microwave
PCD, provides for an increased skin depth. For a broad range of ρ between 0.01 and 100
Ω-cm, the RF-PCD skin depth will be many times greater than the sub-surface region of
interest, providing high measurement sensitivity.
The RF detection system follows the well known eddy-current contactless
conductivity measurement method used by Miller [9]. The coil of a parallel resonant LC
circuit is positioned over a semiconductor material to be measured. The quality factor Q
of the circuit changes when the amount of power absorbed by the semiconductor, i.e. the
conductivity of the semiconductor, changes. The power absorbed by the semiconductor
is given by [9]
W

PS = K (Vd n) 2 ∫ σ ( z )d z ,

(3-8)

0

where K is a system dependent constant correcting for incomplete coupling between the
inductor and the sample, Vd is the rms drive voltage, n is the number of turns in the coil,

σ is the semiconductor conductivity and W is the thickness of the semiconductor wafer.

39

With a feedback circuit, the driving RF voltage applied to the coil can be kept constant by
adjusting the RF drive current Id, and the power absorbed by the semiconductor sample
can be monitored by the change in the RF drive current. The drive current is given by,
[9]
W

I d = K (Vd n 2 )

∫ σ (z )d z .

(3-9)

0

Equation 3-9 shows the sensitivity can optimized by operating at a high voltage level and
minimizing the number of loops in the coil. The inductance of a coil is proportional to
the square of the number of loops and to the loop area. Reducing the number of loops
decreases the inductance of the coil, so in order to maintain a sufficient L/C ratio it is
necessary to increase the loop area. Hence, there is a tradeoff between sensitivity and
spatial resolution.
The schematic in Figure 3-5 shows the principle of the proposed method of RFPCD non-contact conductivity measurement of a p-type semiconductor, with no
illumination. Assuming p0>>n0, only the majority carrier holes are shown. Carriers
within a skin depth of the surface will be subjected to the alternating magnetic field, and
hence will contribute to the detected conductivity. When the illumination is turned on
(Figure 3-6), electron-hole pairs are generated by absorption of photons within an optical
absorption depth of the surface. As a result of the photogenerated excess carrier
concentration, RF-PCD detects an increase in conductivity. When the illumination is
turned off, the excess electrons and holes recombine, resulting in conductivity decay back
to the level prior to illumination.
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Figure 3-5: Schematic of RF-PCD characterization of semiconductor, with no illumination.

Figure 3-6: Schematic of RF-PCD characterization of semiconductor under illumination.
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3.6 Temporary Contact PCD
At this stage of the investigation, it was determined that in order to investigate
near-surface electrical properties of thin film semiconductors and shallow junction solar
cells using single crystal and multi-crystalline silicon, as was set forth in the introduction
of this project as a primary goal, it was necessary to enhance the RF-PCD tool
capabilities. In particular, the sensitivity would need to be improved by a redesign of the
RF induction coil assembly. Such extensive tool development was outside the scope of
this investigation.
Therefore, a simple laboratory PCD tool was developed for high sensitivity
detection of photoconductivity using temporary contact with the surface. The principle
of the temporary contact PCD tool is consistent with the discussions of near-surface PCD
electrical characterization covered in sub chapters 3.1 through 3.4.
A schematic diagram of the temporary contact near-surface PCD method,
neglecting diffusion for this analysis, is shown for characterizing a p-type semiconductor
in Figure 3-7 for the cases of no surface charge, a positive surface charge, and a negative
surface charge. In the case of no surface charge (Figure 3-7a), electron-hole pairs are
generated within an optical absorption depth of the surface and subsequently recombine
in the sub-surface bulk region and at the surface. Surface recombination dominates when
the surface defect density is significant (i.e. micro-roughness, or an unpassivated
surface).
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Figure 3-7: Schematic of PCD measurement of near surface carrier properties for case of no
surface charge (a), depletion or inversion at the surface (b), and accumulation at the surface (c) .
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When there is a positive charge distribution on the surface (Figure 3-7b), the
majority carrier holes are repelled from the surface, generating a space charge region void
of carriers, extending from the surface into the bulk region. In this induced condition of
depletion (or inversion), generated electron-hole pairs from illumination under low level
injection are separated, with electrons being swept to the surface while holes are repelled
toward the bulk region. In this case, it is possible that excess carriers are not able to
recombine easily, resulting in an increased minority carrier lifetime [63]. Additionally, a
determination of carrier mobility from the PCD measurement in this case may possibly
yield a higher value than the case of no surface charge. In the case of no surface charge
there is an approximately equal concentration of photogenerated electrons and holes, but
in the case of a depletion or inversion of the p-type wafer, the population of carriers in the
near-surface region is predominately electrons, which is a higher mobility carrier.
When there is a negative charge distribution on the surface (Figure 3-7c), majority
carrier holes are accumulated near the surface for the p-type semiconductor and a space
charge region is not induced. In accumulation, the absence of a depletion layer means
optically generated carriers can recombine in the region where they are generated [63].
The measured electrical properties in this case are expected to be similar to the case of no
surface charge. An analogous situation is encountered with the n-type semiconductor,
except that a positive charge produces accumulation, and a negative charge produces
depletion/inversion.
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The near-surface PCD tool (ns-PCD) consists of a probe station with a pair of
physical contact probes, a voltage source, an oscilloscope, a laser diode, and a pulsed
laser driver. This tool can be assembled with commercial instruments which are often
readily available in a characterization lab, and a minimal amount of mechanical fixturing.
The configuration will be discussed in more detail in Chapter 5. A comparison of
capabilities and costs of the temporary contact ns-PCD tool versus a commercial µPCD
tool is shown in Table 3-2.

Table 3-2: Comparison of temporary contact lab PCD tool and commercial PCD system.

Tool
Commercial
microwave
PCD
System
Temporary
contact PCD
lab tool

Parameters
determined

Non-contact

Bulk τ

Yes

Bulk τ
Near-surface τ,µ

No
(RF version
in development)

τ = Carrier recombination lifetime
µ = Carrier mobility

Tool Setup
and Maintenance

Cost

Complex –requires
factory installation > $100K
and support
Simple - can be
supported in-house

$7K
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Chapter 4

SCOPE AND OBJECTIVES
The near-surface and surface electrical properties of semiconductors are
becoming increasingly important as the trend in the IC and photovoltaic industries moves
toward fabricating very thin layers of silicon and employing very shallow junctions.
Shallower junctions are becoming necessary, due to scaling rules in IC technology, and to
maximize efficiency in solar cell technology. Most, if not all, characterization techniques
do not distinguish very well between bulk and near surface properties. An effective
method for real-time, in-line monitoring of the material is particularly attractive for
device manufacturing. Therefore, the motivation for this study is to address these issues
and make a scientific contribution by investigating the near-surface electrical properties
and methods of characterizing them.
The goal of the research is to adapt the PCD measurement methodology to the
needs of near-surface semiconductor characterization. The research project has two
phases. The first phase is verification of the adapted near-surface photoconductive decay
method, a newly developed tool with the capability to characterize a shallow subsurface
region of the semiconductor. The second phase of the research project is application of
the near-surface PCD method for investigation of surface electrical properties of an
important emerging photovoltaic material: multi-crystalline Si.
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Chapter 5

EXPERIMENTAL PROCEDURE

5.1 Semiconductor Materials Characterized

5.1.1 Single Crystal Semiconductors – Bulk Wafers
Single crystal semiconductors Si, Ge, GaAs, and InP in bulk wafer form were
selected for the purpose of certification of the PCD tool which was developed for this
investigation. The sample preparation for each material is described below.

Si
p-type (100) wafers, 550 µm thick, 11 ohm-cm average resistivity
n-type (100) wafers, 400 µm thick, 5 ohm-cm average resistivity
In one of the following forms (as stated in the results):
A. As received – vendor polished.
B. With native/chemical oxide removed.
1. Immersion in H2O:HF (100:1) for various times.
2. Deionized water rinse for 5 min.
3. Blow dry with nitrogen for 5 min.
C. With thermal oxidation.
1. Immersion in H2O:HF (100:1) for 30 sec.
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2. Deionized (DI) water rinse for 5 min.
3. Blow dry with nitrogen for 5 min.
o

4. Wet oxidation at 900 C for 15 min, 35 min, 60 min.
5. Lithography to form contact areas.
6. HF etch to remove oxide from contact areas.
7. Resist strip: acetone, IPA, piranha clean

Ge
p-type (100) wafer, 500 µm thick, 22 ohm-cm average resistivity, in one of the following
forms (as stated in the results):
A. As received – vendor polished.
B. Processed to induce minor surface roughness.
o

1. Immersion in DI water at 100 C for 30 min, 90 min, 6 hrs.
2. Rinse in DI water at ambient temperature for 5 min.
3. Blow dry with nitrogen for 5 min.

GaAs
Undoped (100) wafer, 450 µm thick, 107 ohm-cm average resistivity, as received vendor polished.
InP
n-type (100) wafer, 650 µm thick, 0.0012 ohm-cm average resistivity as received –
vendor polished.
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5.1.2 Thin Film and Multi-crystalline Semiconductors
As discussed earlier, developing a method of electrical characterization for Si
materials used for solar cell applications is the primary focus of this investigation. The
preparation of Si thin film samples and mc-Si wafer samples is described below.

Si Thin Film – single crystal
1. P-type SOI substrate with 150 nm active Si layer/300 nm buried oxide (BOX) layer
2. P-type SOI substrate with 205 nm active Si layer/ 400 nm buried oxide (BOX) layer

In one of the following forms (as stated in the results):
A. As received – vendor polished, SC-1 clean.
B. With native/chemical oxide removed.
1. Immersion in H2O:HF (100:1) for various times.
2. Deionized water rinse for 5 min.
3. Blow dry with nitrogen for 5 min.

Multi-crystalline Si
Cast wafers, p-type, 200 µm thick, with an average resistivity of 1.3 ohm-cm
In one of the following forms (as stated in the results):
A. As received – post sawing.
B. As received – with textured surface by hot concentrated NaOH etch.
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C. With textured surface by acidic etch.
1. Immersion in HF/HNO3/H2O (14:1:5) solution for various times.
2. Deionized water rinse for 5 min.
3. Blow dry with nitrogen for 5 min.
D. With native/chemical oxide removed.
1. Immersion in H2O:HF (100:1) for various times.
2. Deionized water rinse for 5 min.
3. Blow dry with nitrogen for 5 min.
E. With thermal oxidation.
1. Immersion in H2O:HF (100:1) for 30 sec.
2. Deionized (DI) water rinse for 5 min.
3. Blow dry with nitrogen for 5 min.
o

4. Wet oxidation at 900 C for 15 min, 35 min, 60 min.
5. Lithography to form contact areas.
6. HF etch to remove oxide from contact areas.
7. Resist strip: acetone, IPA, piranha clean
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5.2 Characterization Methods Developed For This Investigation

5.2.1 Near-surface Radio Frequency Photoconductive Decay (RF-PCD)
The RF-PCD measurement system comprises an illumination component, an RF
detection bridge, and signal processing as shown schematically in Figure 5-1. The probe
containing the RF sensing coil and the illumination fiber is positioned to be
approximately 10 µm from the sample surface (Figure 5-2). In order to achieve high
spatial resolution, a 1 mm diameter fiber is used to deliver illumination to the surface of
the sample. A wire coil of 2.2 mm diameter surrounds the fiber and serves as a sensor.
A 658 nm laser diode is the illumination source, capable of providing incident optical
power of 10 mW in pulse mode. The frequency of the illumination pulse is adjustable
from 1 – 500 KHz, and the pulse width is adjustable from 100 ns to 100 ms.
The signal generator is re-adjusted to find the resonant frequency whenever a
new sample is loaded for measurement. Since only the ∆σ due to photogenerated
carriers is of interest, it is desirable to null the dark conductivity of the sample prior to
turning on the illumination. Referring to Figure 5-1, this is accomplished by cooperative
adjustments for amplitude and phase in the reference branch of the circuit, until a zero
output from the phase detector is obtained.
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Figure 5-1: Schematic of RF-PCD experimental tool.
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Figure 5-2: Non-contact RF-PCD tool.
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Any observed phase difference after nulling is due to a change in conductivity of the
semiconductor sample. With appropriate amplification, the signal from the detection
branch is input to a phase detector, referenced to the phase of the signal generator. The
phase detector output is converted to a time-resolved photoconductivity signal by a
custom signal processor. Since the frequency of operation is in the RF regime (<500
MHz), this system is built with inexpensive RF components and coaxial cables.

5.2.2 Near-surface Temporary Contact Photoconductive Decay (ns-PCD)
Because the RF-PCD tool required additional development work to achieve
improved sensitivity, a temporary contact ns-PCD tool was custom built for the purpose
of carrying out this investigation. The measurement was implemented by contacting two
tungsten probes with the wafer surface with tip diameter of 0.25 mm and a spacing of 3
mm between probe tips. Figure 5-3 shows a schematic of the measurement set-up used.
A 658 nm laser diode was used for all of the near-surface PCD measurements in order to
obtain a shallow absorption depth as quantified in Table 3-1 for all semiconductor
materials investigated in this study. Hence, the minority carrier lifetime and mobility are
measured in a shallow region near the surface of the wafer which means that the
measured properties should be heavily influenced by the characteristics of the surface.
The pulse width of the illumination is 10 µs. The photon injection during the
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Figure 5-3: Schematic of temporary contact PCD experimental tool.
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illumination pulse leads to an increase in conductivity (photoconductivity) as discussed in
sub-chapter 3.2. The voltage source provides an electric field across the sample region,
so that photocurrent will be generated. The increase and decay of photocurrent in
response to the change in conductivity is sensed by the load resistor, providing a signal
for measurement by the oscilloscope. The recombination lifetime is calculated by
software that was developed specifically for this tool, as described in Appendix B.
A study of the probe contact resistance dependence on probe force was
performed. The resistance of the probes in series with a Ge sample wafer was measured
as the probe force was varied. As can be seen from the data in Figure 5-4, significant
variation in resistance can occur for a probe force < 3 N. To assure reproducibility of
measurements, it was determined that the probe contact force must be maintained at 3.5
N with a gravity-loaded probe arm.
When making electrical contact to the semiconductor surface, a low resistance
metal-semiconductor contact with conduction in both directions is required. Therefore,
an ohmic contact must be formed prior to ns-PCD characterization with this tool. A
contact blast process was implemented for this purpose. It consists of applying a 40 Volt
pulse (through a limiting resistor) for a duration time of 150 ms, however longer times
and multiple iterations may be used if necessary [64]. This process breaks down any
native oxide on the semiconductor surface in the area under the probe tips. To some
extent, it spot welds the probes to the semiconductor surface to form an ohmic contact
[64]. To verify the contacts are ohmic, the user can check if the resistance values in the
forward and reverse directions are similar.
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Figure 5-4: Measured resistance of Ge wafer as a function of probe contact force of PCD tool.
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5.3 Other Characterization Methods Utilized in This Investigation
Other methods of electrical and material characterization were used to establish
correlation of measured electrical properties to the physical and chemical condition of the
semiconductor surfaces studied in this investigation.

5.3.1 Hall Effect
Hall effect provides measurement of resistivity, carrier concentration, mobility,
and can distinguish if a semiconductor is p-type or n-type. In the Hall effect,
perpendicular electric and magnetic fields induce carrier movement in the bulk of the
semiconductor. Measurements were performed at room temperature on an Accent
HL5500 Hall System using a Van der Pauw geometry. Wafers were sectioned into
square shaped specimens approximately 1.2 cm x 1.2 cm. A surface treatment of 30
seconds immersion in 1% HF solution was used for oxide removal prior to measurement.
Electrical contact with the semiconductor sample was by temporary contact with probes,
and ohmic contacts were formed by the contact blasting process [59]. The magnetic field
setting was 0.506 Tesla.

5.3.2 Atomic Force Microscopy (AFM)
Atomic Force Microscopy (AFM), a subset of scanning probe microscopies, is a
valuable tool for characterizing surface roughness because it provides quantitative lateral
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and vertical measurements [65]. AFM characterization for this study was performed on a
Digital Instruments Dimension 3100 Atomic Force Microscope in Penn State’s Material
Characterization Lab.

5.3.3 Scanning Electron Microscopy (SEM)
Scanning electron microscopy (SEM) imaging was found to be useful for a
qualitative analysis of the surfaces of mc-Si wafers, particularly with regard to
monitoring of saw damage removal and anti-reflective texturing. All SEM
characterization for this investigation was performed on an Amray 1610 SEM by Silicon
Cert Laboratories in Reading, PA.

5.3.4 Contact Wetting Angle
Contact wetting angle measurements were used to determine the extent to which a
wafer surface is hydrophobic. The change in contact wetting angle is useful for
monitoring an oxide removal process, as a surface with an oxide layer present is
hydrophilic and a surface following a sufficient HF treatment to completely remove oxide
becomes fully hydrophobic. Using a micropipeter, a 20 µl sessile drop is deposited on
the wafer surface. The angle formed between the tangent to the drop and the surface is
imaged by a video camera fitted with a magnifying lens [i.e. 66, 67].
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Chapter 6

RESULTS AND DISCUSSION

6.1 Evaluation of Non-contact RF-PCD Method
As discussed earlier, non-contact electrical characterization is a useful alternative
to physical probing of semiconductor wafers in manufacturing because every wafer can
be characterized since it is a fast and non-destructive method. In an early stage of this
project, the performance of RF-PCD characterization of minority carrier lifetime and
mobility was studied with respect to the effects of: carrier injection level, illumination
wavelength, and surface damage. The purpose was to evaluate usefulness of this
technique in accomplishing goals of this study. Materials characterized include Si, Ge,
GaAs, and SiC.

6.1.1 Carrier Injection Level and Linearity of Response
Equation 3-9 shows that the detected RF drive current, Id, has a linear dependence
on the semiconductor conductivity σ. In Figure 6-1, the change in measured
photoconductivity ∆σ, of a commercial Ge wafer versus the intensity level of the pulsed
illumination is shown. This experiment demonstrates that the relationship of the detected
signal to changes in sample conductivity is mostly linear over the full range of available
intensity. This linear relationship is crucial for determination of mobility.
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Figure 6-1: RF-PCD response is linear for over two orders of magnitude of change in injected
carrier concentration.
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For operation of the RF-PCD tool, the sample wafer must be positioned close
enough to the probe coil to be within the alternating magnetic field of the probe coil,
however a separation distance must be maintained so as to avoid contacting the surface as
the wafer is scanned. The relationship of detection sensitivity to probe-to-surface
separation distance must be considered in order to determine the optimum setting for best
performance and reproducibility. An experiment was performed whereby the amplitude
of the phase detector output signal (Figure 5-1) was monitored as the probe-to-sample
distance was varied. As seen in Figure 6-2, the measurement sensitivity of RF-PCD is
maximized and uniform when the probe tip is with 4 to 15 µm from the wafer surface,
with significant degradation if the separation distance is outside this range.
In order to understand the impact of injection level on minority carrier lifetime,
lifetime curves were obtained for multiple settings of peak intensity level, from 5.6x1011
to 9.2x1012 photons/cm2 (Figure 6-3). Since the sample was not moved during the
experiment, the same location on the wafer was evaluated for each measurement, and
hence the same recombination centers are present for each measurement. The parallel
decay curves indicate a uniform recombination lifetime over this range of injection
levels. In order to obtain reproducible measurements of minority carrier lifetime with the
PCD tool, it is critical to maintain low level carrier injection (i.e. the injected carrier
density is much less than the majority carrier density). For high level injection (injected
carrier density is on the order of, or greater than, the majority carrier density), the
conductivity decay may be non-exponential due to a change in recombination
mechanisms during the timeframe of the measurement, and the measured lifetime may be
dependent on injection level.
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Figure 6-2: RF-PCD peak photoconductivity amplitude as a function of RF probe separation
distance from semiconductor sample surface.
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RF-PCD Lifetime vs. Illumination Intensity
Commercial p-type Ge Wafer
1.E+04

RF-PCD Signal (a.u.)

1.E+03
A
B
C
D

1.E+02

1.E+01

E

12

A

9.2x10

B

7.8x10

C

6.7x10

D

4.9x10

F

12

G
H

12
12
12

E

2.2x10

F

1.7x10

G

1.2x10

H

8.6x10

I

5.6x10

12

12

PEAK
ILLUMINATION
INTENSITY
( photons/cm 2 )

I

11
11

1.E+00
0

50

100

150

200

t (µs)
Figure 6-3: The slope of the RF-PCD decay curve, and hence the measured lifetime, are
unchanged as carrier injection is varied over an order of magnitude.
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6.1.2 Effect of Surface Treatment of Si Wafers
This part of the investigation considers the effects of surface treatments on
minority carrier lifetime. A prime p-type Si wafer, which after long term storage has a
chemical/native oxide layer present on the surface, was measured by RF-PCD, then
processed with a 1% HF surface treatment for 30 seconds and measured again (Figure 64). The improvement in minority carrier lifetime following the HF treatment is clear. As
the chemical/native oxide is removed, contaminants and interface states are removed with
it, and surface passivation is provided by hydrogen termination. However, another
change in surface chemistry is occurring during this experiment. The HF treatment
generates a positive surface charge, leading to a depletion (or inversion) condition near
the surface of the p-type wafer [68, 69, 70]. In a depletion or inversion condition, since
the surface charge polarity is the same as the majority carrier charge, optically generated
minority carriers under low injection conditions would be swept to the surface such that
the effective minority carrier lifetime would be heavily dominated by surface
recombination velocity [63]. However in the case of a high quality polished wafer with
low defect density at the surface (i.e. low surface recombination velocity), an improved
near-surface lifetime following HF treatment is expected, due to hydrogen termination of
dangling Si bonds. These results show the usefulness of this tool for evaluating the
surface condition of as-received wafers prior to processing.
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Figure 6-4: Photoconductive decay curves for single crystalline Si wafer, p-type, measured by
RF-PCD pre and post treatment.
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6.1.3 Effect of Illumination Wavelength on Si
For Si, carriers are generated by illumination in the wavelength range of
approximately 400 nm to 1100 nm. In this experiment with Si, two different wavelength
illumination sources were used, 658 nm and 980 nm, corresponding to light penetration
depths of 4 µm and 56 µm respectively (Table 3-1). The minority carrier lifetime was
evaluated for prime p-type Si for both illumination wavelengths (Figure 6-5). The
reduced effective τ at the short wavelength was expected as surface recombination
becomes more dominant when the carriers are generated in a shallower region of the
semiconductor. For prime n-type Si (Figure 6-6), a similar effect is observed, with a
reduced τ at the short wavelength.
Another observation from Figures 6-5 and 6-6 is a reduced peak ∆σ at the short
wavelength. A lower effective mobility in the shallow region would produce a lower ∆σ,
if the carrier generation rate is maintained constant, as defined by Equation 3-5. While
the chemical and physical conditions of the wafer surface and the bulk region remain
unchanged, both recombination lifetime and carrier mobility are reduced at the shorter
illumination wavelength, consistent with the distinctly different absorption depths in Si
for 658 nm and 980 nm. However, a firm conclusion cannot be made with regard to
wavelength dependence in this experiment since the difference in photon energies (1.88
eV for 658nm illumination versus 1.27 eV for 980 nm illumination) was not taken into
account. Hence, the injected carrier concentration may not be the same in both cases.
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Figure 6-5: Illumination wavelength dependence for p-type Si.
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Figure 6-6: Illumination wavelength dependence for n-type Si.
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6.1.4 RF-PCD Application for Other Semiconductor Materials
The goal of this part of the study is to assess the ability of RF-PCD to characterize
other materials of interest: Ge, GaAs, and SiC. RF-PCD curves for Si were shown earlier
in this chapter. RF-PCD curves for Ge and GaAs are shown in Figures 6-7 and 6-8
respectively. The SiC samples did not produce photocurrent since the photon energy is
1.88 eV and the material bandgap is 2.2 – 3.25 eV [71] depending on polytype.
The peak photoconductivity and recombination lifetime as measured by the RFPCD tool are summarized in Figures 6-9 and 6-10 respectively for Si, Ge, GaAs, and SiC.
By Equation 3-5, the peak photoconductivity ∆σ is proportional to the product of
mobility µ (sum of electron and hole mobilities) and recombination lifetime τ. As we
consider each material and the data obtained from the RF-PCD tool in Figure 6-9, we find
that with the exception of SiC, the relationship of ∆σ to the µ τ product holds within
limits. Ge has the longest recombination lifetime, 61 µs, and highest sum of electron and
hole mobilities, 5800 cm2/V-s, and produced the highest ∆σ, approximately 2,000 a.u.
The Si sample has a lower recombination lifetime, 30 µs, with a relatively low sum of
electron and hole mobilities, 1850 cm2/V-s, and produced a significantly lower average
∆σ of approximately 12 a.u. GaAs has a high sum of electron and hole mobilities, 8900
cm2/V-s, but a very short recombination lifetime of 1.4 µs, and produced an average ∆σ
of 9 a.u.
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Figure 6-7: RF-PCD lifetime curve for Ge sample.
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Figure 6-8: RF-PCD lifetime curve for GaAs sample.

30

72

RF-PCD Measured Peak Photoconductivity for
Materials of Interest
10000

∆σ (a.u.)

1000

100

10

1
Ge

Si

GaAs

SiC

Figure 6-9: RF-PCD measured peak photoconductivity for materials of interest.
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Figure 6-10: RF-PCD measured minority carrier lifetime for materials of interest.
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6.1.5 Conclusions with Regard to Evaluation of RF-PCD Method
In the following analysis, an effective mobility value for Si, Ge, and GaAs
obtained by the proposed RF-PCD tool was compared to the published bulk value [62], at
the impurity concentration for each material which was determined from a 4-point probe
measurement of resistivity . Using the minority carrier lifetime and steady state
photoconductivity values measured by RF-PCD, ∆σ ⋅ d τ , where d is the light
penetration depth, was determined for each material. The correlation is shown in Figure
6-11. In general, the trend of the relative changes follows the expected relationship.
Absolute measurement of mobility from the proposed method cannot be obtained.
However, the tool can be used for the purpose of monitoring relative changes in mobility.
At this stage of the investigation, it was determined that the sensitivity of the RFPCD detection system was not sufficient for investigating electrical properties of thin
film semiconductors and shallow junction solar cells using single-crystalline and multicrystalline silicon, which is a primary goal in this project. The low sensitivity of the RF
coil results in low signal-to-noise ratio, making it difficult to analyze decay data for low
level photoconductance (i.e. materials with low carrier mobility or short recombination
lifetime).
At this time, the temporary contact PCD tool which was discussed in sub-chapter
5.2.2 was implemented and utilized for the remaining portion of the project. The higher
sensitivity of this tool is well suited for the application of characterizing solar cell grade
materials. It should be noted that results and discussions from this point on that pertain to
PCD measurements, are solely based on the temporary contact PCD method.
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Figure 6-11: Correlation of RF-PCD ∆σ ⋅ d
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lightly doped Si and Ge. No ∆σ response was observed for SiC.
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6.2 Investigation of Temporary Contact Near-surface PCD Method (ns-PCD)

6.2.1 Effect of Illumination Pulse Width on Measured Near-surface Recombination
Lifetime

As discussed in sub-chapter 3.1, a distinction of surface properties from bulk
properties is desired in order to assess the condition of the semiconductor surface and the
effects of surface treatments. In order to determine the effect of diffusion of photogenerated carriers into the bulk region during the time the illumination is turned on, and
hence, the resulting effect on the measured effective recombination lifetime, an
experiment using various illumination pulse widths was performed with the near-surface
PCD tool. In Figure 6-12, recombination lifetime was measured at a single test site on a
multi-crystalline Si wafer with illumination pulse widths of 200 ns, 1 µs, 3 µs, 10 µs, and
20 µs. The measured near-surface lifetime is reproducible, within limits, for pulse widths
from 3 µs to 20 µs. For the case of the 1 µs pulse width, the near-surface recombination
lifetime is, on average, 30% lower than that of pulse widths 3 µs-20 µs. It should be
noted that for the cases of 200 ns, 1 µs, and 3 µs, the illumination period was not long
enough to reach a steady state level of photoconductance, which is necessary for
determination of carrier mobility. An illumination pulse width of 10 µs is needed for
determination of carrier mobility. However, if near-surface recombination lifetime is the
primary interest, then this data suggests that using the shortest illumination pulse width
possible may minimize the effect of diffusion of carriers into the bulk, and hence provide
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Figure 6-12: Photoconductive decay curves obtained by the PCD tool at a single site of a p-type
multicrystalline Si wafer for various illumination pulse widths.
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an effective lifetime measurement that is more so dominated by surface properties than
the longer pulse widths. The limiting factor in shortening of the illumination pulse width
is the signal-to-noise ratio. For the shortest illumination pulse width shown in Figure 612, 200 ns, the signal amplitude is low and the noise interferes with the slope analysis
such that a reproducible and reliable measurement cannot be obtained.

6.2.2 Evaluation with Single-Crystal Semiconductor Materials
The adapted ns-PCD tool was first used to characterize materials which are well
established in mainstream semiconductor manufacturing and for which the electrical
properties are well known. The single crystal materials used in this part of the
investigation include key semiconductors Si, Ge, GaAs, and InP. The goal in this portion
of the study is to determine if the ns-PCD tool is capable of providing reliable and
reproducible measurements of electrical properties for these materials. This task is an
essential step in order to qualify the tool for measuring novel semiconductor materials for
which the electrical properties are not well known.

Silicon
The 1.88 eV photon energy of 658 nm illumination is sufficient to generate
electron-hole pairs in Si with a bandgap Eg of 1.12 eV. According to table 3-1, the
electron-hole pairs will be generated within an optical absorption depth in Si of
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approximately 4 µm for 658 nm illumination. Typical bulk τ for prime p-type CZ Si
wafers is in the range of 10-100 µs [72-74]. Taking the diffusion coefficient for minority
carrier electrons, 35 cm2/s at a temperature of 300K, into account in equation 3-2, it is
realized that the diffusion rate for minority carrier electrons in p-type Si can be
significant if the effective τ approaches the bulk τ [62]. The PCD for a prime n-type Si
wafer, as received from the vendor, is shown in Figure 6-13, for the polished front
surface and the unpolished back surface. For the polished surface, a distinction can be
seen between near-surface and bulk recombination lifetime as carriers diffuse from where
they are generated near the surface into the bulk region.
The impact of surface recombination on the ns-PCD tool measurement of
effective τ of Si is very significant. High surface recombination velocity will reduce the
effective τ. Additionally, according to equation 3-2 if the effective τ is sufficiently
reduced, the diffusion of carriers from the near-surface region into the bulk region will be
greatly minimized, as illustrated in Figure 3-2. This is the case for the back surface PCD
shown in Figure 6-13 (curve B). To further demonstrate the influence of surface
condition on effective τ for Si, an experiment was performed involving an induced
change in the electrical properties of a wafer surface. A polished p-type Si wafer which
was stored in ambient air for 3 months following last HF clean was initially measured on
the near-surface PCD tool for recombination lifetime and contact wetting angle. The
wafer was re-measured following immersion in 1% HF solution for various times. The
results show that the surface is initially hydrophilic, indicating the presence of a
chemical/native oxide layer, and the measured near-surface recombination
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Figure 6-13: Photoconductive decay curve obtained by the PCD tool for polished p-type prime Si
wafer.
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lifetime is low (6.5 µs) as seen in Figure 6-14. As the oxide layer is removed in the HF
solution, contaminants and interface states are removed with it, and passivation is
provided by hydrogen termination. After 30 seconds of immersion time, the surface fully
transforms to a hydrophobic state indicating complete removal of the oxide layer, and the
recombination lifetime significantly improves (17.3 µs).
The same experiment was performed with an n-type Si wafer. The results in
Figure 6-15 indicate the same trend of improved recombination lifetime correlating to
removal of native/chemical oxide. It should be noted that in the case of the p-type wafer,
the generation of a positive charge distribution on the surface by immersion in HF
solution produces a condition of depletion or inversion for the p-type semiconductor [6870]. In this case, a space charge region is present from the surface, extending into the
bulk a depth equal to the depletion width. Minority carrier electrons generated near the
surface are swept to the surface where they are likely to recombine quickly in the
presence of a high density of recombination sites. Therefore, the measured near-surface
recombination lifetime of a wafer which undergoes a change in surface charge
distribution from negative or no charge to a positive charge, will likely become shorter,
even though there is no change in the physical condition of the surface. However, in the
case of the n-type wafer, the positive charge distribution produces a condition of
accumulation. With no space charge region, the minority carrier electrons are not swept
to surface. Hence, for the n-type wafer, the effective recombination lifetime is not
shortened by immersion in HF solution. Comparing the recombination lifetimes Figures
6-14 and 6-15, it can be seen that the recombination lifetime of the p-type wafer is shorter

22

90

20

80
70

18

60

16

50
14
40
12

30

10

20

Lifetime

8

10

Wetting Angle

6
0

1

10

15

30

Wetting Angle (degrees)

Near Surface Minority Carrier
Lifetime (µ s)

81

60

0
120

HF(1% ) Immersion Time (seconds)
Figure 6-14: Recombination lifetime and wetting angle for p-type Si wafer surface.
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than the n-type wafer for all immersion times. However, the trend of improved
recombination lifetime with removal of chemical/native oxide is present in both cases.

Germanium
The photon energy of 658 nm illumination is 1.88 eV, more than sufficient to
generate electron-hole pairs in Ge with a bandgap Eg of 0.67 eV. According to table 3-1,
the electron-hole pairs will be generated within an optical absorption depth of
approximately 100 nm for 658 nm illumination. Since the bulk recombination lifetime of
Ge is relatively long, it is expected that with a highly passivated surface the effective τ
according to equation 3-1 is also relatively long as compared to most other
semiconductor materials. Additionally, the high mobility of electrons in Ge provides for
a high diffusion coefficient for the minority carriers in p-type material, 101 cm2/s at a
temperature of 300K, by the Einstein relation [62]. Taking these relatively large values
for τeff and Dn into account in equation 3-2, it is realized that the diffusion of carriers
from the near surface region into the bulk region within the effective τ is significant for a
Ge sample with a well passivated surface. Hence, a measurement of effective τ by nsPCD is expected to show a pronounced distinction between the case of a well passivated
surface for which the effective τ is dominated by the bulk properties, and the case of a
defective surface for which the effective τ is dominated by surface recombination.
The PCD for a prime p-type Ge wafer, as-received from the vendor, is shown in
Figure 6-16, with a measured effective minority carrier τ of 61.2 µs. This value is within
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Figure 6-16: Characterization of Ge wafer by ns-PCD.
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the expected range of bulk τ of electrons for prime commercial Ge wafers, 50 – 70 µs
[75].

Gallium Arsenide
The photon energy of 658 nm illumination is 1.88 eV which is sufficient to
generate electron-hole pairs in GaAs with a bandgap Eg of 1.42 eV. According to table 31, the electron-hole pairs will be generated within an optical absorption depth of
approximately 500 nm for 658 nm illumination. In addition to the non-radiative
recombination via traps and recombination centers, radiative recombination occurs since
GaAs is a direct bandgap material. In a direct bandgap material, electron-hole pairs
recombine spontaneously, without the need for phonon assistance. Electron-hole pairs
generated by photon absorption can quickly recombine. Therefore, for GaAs, the
dominant recombination mechanism is radiative recombination [76]. This is true even
for high quality prime wafers with low defect densities. Since the bulk recombination
lifetime of GaAs is relatively short, it is expected that even with a highly passivated
surface, the effective τ according to equation 3-1 is also relatively short, compared to Ge
and Si. The ns-PCD for a prime undoped GaAs wafer, as-received from the vendor, is
shown in Figure 6-17, with a measured effective minority carrier τ of 1.1 µs. This value
is within the expected range of bulk τ of minority carrier electrons for prime commercial
GaAs wafers, 100 ns – 2 µs [77].
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Figure 6-17: Near-surface PCD for an undoped GaAs wafer.
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Indium Phosphide
The photon energy of 658 nm illumination is 1.88 eV, sufficient to generate
electron-hole pairs in InP with a bandgap Eg of 1.35 eV. Similar to the case of GaAs, InP
is a direct bandgap semiconductor. Therefore the bulk recombination lifetime of InP is
also relatively short due to radiative recombination. Even with a highly passivated
surface, the effective τ of InP is relatively short due to the low bulk τ. The ns-PCD for a
prime n-type InP wafer, as-received from the vendor, is shown in Figure 6-18, with a
measured effective minority carrier τ of 57 ns. This value is within the expected range of
bulk τ of minority carrier holes for prime commercial InP wafers, 1 ns – 3 µs [78, 79].
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Figure 6-18: Near-surface PCD for a prime n-type InP wafer.
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Summary of PCD Characterization of Single Crystal Semiconductor Materials
Single crystal semiconductor materials Ge, Si, GaAs, and InP have been
characterized with the temporary contact ns-PCD tool. The effective recombination
lifetime of polished wafers with good surface condition was measured with the PCD tool
and was correlated with the established ranges of bulk recombination lifetime for prime
wafers of each material. These materials were chosen for this evaluation of the tool
because they have distinctly different recombination lifetimes which span the range of
interest for a later part of the investigation, characterization of semiconductor materials
used in the photovoltaic industry. A correlation of Ge, Si, and GaAs near-surface
recombination lifetime as measured on the temporary contact PCD tool and the noncontact RF-PCD tool is shown in Figure 6-19. It should be noted that these two tools
have distinctly different measurement systems.
In conclusion, the correlation of measured effective recombination lifetime of the
selected test materials, Ge, Si, GaAs, and InP, with established ranges of bulk
recombination lifetime for high quality wafers was found to be acceptable. In addition,
the correlation of effective recombination lifetime for Ge, Si, GaAs measured on the
temporary contact PCD tool correlates well with measurements of the same wafers on the
non-contact RF-PCD tool. It has been established that the ns-PCD tool is capable of
providing reliable and reproducible measurements of electrical properties for these
materials for which the electrical properties are well known. Therefore it is determined
that the tool is ready for investigation of novel semiconductor materials for which the
electrical properties are not well known [e.g. 80].
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6.2.3 Surface Roughness Characterization
Micro roughness of semiconductor wafer surfaces has a major impact on the nearsurface electrical properties. For fabrication of low defect interfaces, it is essential to
maintain an atomically smooth surface. In this part of the investigation, the usefulness of
the PCD tool for evaluating surface roughness on the micro scale was considered.
Germanium was selected for this study because it is making a return to mainstream
semiconductor device technology as a substrate for MOSFETs with high-k gate
dielectrics , it is commercially available in the form of wafers with high quality surface
finish, and also because its surface characteristics are not as well known and controlled as
those of silicon [e.g. 81, 82]. It should be emphasized, however, that the PCD surface
roughness characterization method is equally useful for other semiconductors (e.g. solar
cell materials).
The surface roughness experiment was carried out on 4 inch diameter prime ptype Ge wafers approximately 500 µm thick. All wafers were fabricated in the same lot
and were polished on both sides by the vendor. Initial lifetime was measured on all wafer
samples prior to the experiment to verify uniformity. As the process involving hot
deionized (DI) water treatment was expected to have an effect on the Ge surface
roughness, the process of boiling Ge wafers in water was subsequently implemented to
generate varying amounts of surface roughness.
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Induced Surface Roughness by Controlled Process
Germanium wafers were processed by boiling in DI water for 30 minutes, 90
minutes and 6 hours. It should be noted that hot DI water exposure of semiconductor
wafers is an integral part of the conventional wafer cleaning procedures, with typical
exposure times of 10 minutes or less (e.g. [83]). Following removal from the DI water,
wafers were blown dry with nitrogen. Dry wafers were then subjected to surface
roughness characterization by means of Atomic Force Microscopy (AFM) followed by
PCD measurements.
As mentioned earlier, the prolonged boiling of Ge wafers in DI water was selected
for this purpose of inducing slow and controlled roughening of the Ge surface. The AFM
measurements of the processed wafers show that surface roughness increases with time of
boiling in DI water as indicated in Table 6-1. From the AFM images in Figure 6-20, the
induced damage to the surface of the processed Ge wafer can be clearly observed. The
change in RMS roughness (Rrms) from the reference wafer to wafers exposed to boiling
DI water for 30 and 90 minutes is about 0.1 nm, and the change from the reference wafer
to a wafer exposed to hot DI water for 6 hours is about 0.7 nm. The mechanism
responsible for roughening of Ge surfaces in hot DI water is assumed to be similar to that
of silicon and is related to the interactions with freely dissociated OH − ions in the water.
Pure deionized H2O dissociates into OH − and H + with an equilibrium constant of
1x10 −14 at 20 oC, providing 6.8x10 −8 M OH − available to attack the surface of the wafer
[84]. Because the equilibrium constant is a function of temperature, at a water
temperature of 100oC, the OH − concentration is 10 times higher [84]. In a previous
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Table 6-1: Changes of the Ge surface roughness as a function of time of boiling in DI water.
Time in 100oC DI water
RMS Roughness (nm)
Average Roughness (nm)

Not Processed
(reference)
0.3185
0.25

30
minutes
0.39
0.27

90
minutes
0.4864
0.34

6
Hours
1.04
0.755

Figure 6-20: AFM images for Ge wafer surface, vendor polished (a), and after boiling in DI water
for 30 minutes (b), for 90 minutes (c), and 6 hours (d).
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study on etching of Ge in KOH solutions, it was postulated that for Ge (100) surfaces,
Ge-Ge back bonds are broken when two OH groups attach to the same Ge atom, resulting
in its detachment from the surface [85].

PCD Monitoring of Surface Roughness
The next part of this study involved PCD characterization of Ge wafers processed
in the way described above. As shown in Figure 6-21 the minority carrier lifetime
degrades relative to the reference wafer as the boiling time, and hence, the surface
roughness increases. Also evident from Figure 6-21 is a reduction in peak
photoconductivity as the surface roughness increases. The magnitude of the peak
photoconductivity in conjunction with the measured minority carrier lifetime is used to
determine the mobility by Equation 3-5. As discussed earlier, the minority carrier
lifetime and mobility in semiconductors decreases near the surface where there are
recombination and scattering centers caused by the abrupt discontinuity of the lattice. If
we assume in this study that the defect density at the surface scales with the magnitude of
the roughness, then a corresponding reduction in near-surface carrier lifetime and
mobility is expected. A relationship of minority carrier lifetime to surface roughness, as
derived from the experimental data obtained in this experiment, is shown in Figure 6-22.
Even for very minor surface roughening, such as ∆Rrms≅0.1 nm, the reduction in minority
carrier lifetime is significant and can be detected by the PCD tool. Similarly, the nearsurface carrier mobility degrades as surface roughness, and hence, carrier scattering
increases, as illustrated in Figure 6-23. The carrier mobility dependence on surface
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Figure 6-22: Near-surface minority carrier lifetime as a function of Ge surface roughness.

Figure 6-23: Normalized near-surface carrier mobility as a function of Ge surface roughness.
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roughness correlates with the carrier lifetime relationship seen in Figure 6-22. The initial
atomically smooth surface of the vendor polished wafer features low density surface
defects, resulting in best near-surface electrical properties. During the 90 minutes long
DI water boiling process, even though the roughness increase is small, it is believed that
the increase in dangling bond defect density is significant. A previous study of Si
surfaces showed that for a relatively small effective surface roughness reduction from 0.3
nm to 0.1 nm, the measured density of surface states decreased by an order of magnitude
[86]. The results obtained in this study suggest that most of the deterioration of the
electrical properties of the near-surface region of Ge occurs during early stages of hot DI
water exposures, i.e. during the process inflicting relatively small changes in the Ge
surface morphology. During the later stages of the surface roughening process (longer DI
water exposure causing RMS roughness greater than 0.5 nm), the rate of increase in
defect density responsible for the reduction of the minority carrier lifetime and mobility
is clearly slower.

6.2.4 PCD Characterization of Thin Film Semiconductor
Electrical characterization of thin film semiconductor materials has been found to
be particularly difficult with commercially available tools which are mostly optimized for
measuring bulk electrical properties [87-89]. Non-contact surface characterization tools
based on SPV require a space charge region at the surface which excludes a significant
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portion of the film from the characterization [90]. An alternative approach utilizing the
near-surface PCD tool is explored in this investigation.
SOI (Silicon On Insulator) substrates are fabricated with a thin film active layer
on a thin BOX (buried oxide) layer. Higher performance integrated circuits are obtained
with SOI technology due to the reduction in leakage current and power consumption as
compared to devices built in bulk Si wafers. Currently, 4-5% of all wafers produced
worldwide are SOI [91]. Electrical characterization of the thin active Si layer of SOI
wafers has been found to be challenging. With PCD based non-contact tools, the
illumination penetrates through the thin active Si and oxide layers into the bulk Si,
generating an increase in conductivity in the bulk layer as well as the active layer. The
inductive probe detects the photoconductivity of both the active layer and the bulk,
making it difficult to distinguish the film properties from bulk properties.
The temporary contact PCD tool was configured to measure near-surface recombination
lifetime of the active Si layer of SOI wafers as shown in Figure 6-24. The PCD curves
are shown in Figure 6-25 for two SOI substrates: 150 nm active layer/300 nm BOX layer,
and 205 nm active layer/ 400 nm BOX layer. The measured recombination lifetimes are
3.5 µs and 3.1 µs, respectively. Since the buried oxide serves as an insulating layer, only
the conductivity of the layer which is physically contacted by the probes is detected.
Hence, only the electrical properties of the active Si layer are measured.
To determine the effectiveness of the PCD tool for measuring changes in the
chemical condition of the surface of a thin film semiconductor, an experiment which was
performed earlier in this investigation on surfaces of bulk Si wafers was carried out again
on the aforementioned SOI substrates. The substrates were re-measured following
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Figure 6-24: PCD electrical characterization of an SOI substrate.
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Figure 6-25: PCD curves for Si SOI wafers.
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immersion in 1% HF solution for various times. In Figure 6-26, it can be seen for both
SOI substrates from the low contact wetting angle that the surface is initially hydrophilic,
indicating the presence of a chemical/native oxide layer. The recombination lifetimes of
the two substrates in this state are similar (3.5 µs and 3.1 µs). As the oxide layer is
removed with further immersion time in the HF solution, contaminants and interface
states are removed with it, and passivation is provided by hydrogen termination. After 30
seconds of immersion time, the contact wetting angle shows that the surface has fully
transformed to a hydrophobic state on both substrates, indicating complete removal of the
oxide layer. Concurrently, the recombination lifetime of both substrates improved to 10 12 µs. The results of this experiment are consistent with those of the bulk wafer
experiment (Figures 6-14 and 6-15). The nearly identical change in contact wetting angle
in response to HF treatment of the bulk and SOI surfaces confirms that the changes in
surface chemistry in the two experiments are the same, and as in the bulk case, the
corresponding increases of SOI recombination lifetimes is a clear indication that the
electrical properties of the active Si layer are being influenced by the surface changes.

6.2.5 PCD Characterization of Semiconductor/Oxide Interface
Oxidation of the semiconductor surface is a critical process used in the fabrication
of many device structures. The formation of a thin SiO2 layer on the surface can serve as
a dielectric layer, or to passivate the surface to minimize surface recombination velocity.
The impact of oxide growth on carrier transport properties in the interface region is an
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important concern, as even minor changes in this critical region can significantly affect
final device performance.
An experiment was performed to determine the impact of oxidation thickness on
the near-surface electrical properties of a p-type single crystal Si wafer. Sections of the
o

wafer were subjected to a process of wet oxidation at 900 C for times of 15 minutes, 35
minutes, and 60 minutes in order to obtain approximate thicknesses 43 nm, 91 nm, and
280 nm respectively. Following the oxidation step, photolithography and etching steps
were used to create windows in the SiO2 layer in order to allow contact probing to the
bare Si surface with a 3 mm probe spacing for the purpose of obtaining a PCD
measurement. The probes of the PCD tool were aligned to contact the sample within the
etched window, while the illumination was aligned so as to be incident upon the oxidized
surface area between the windows. An example of a test site is shown in Figure 6-27.
As seen in Figure 6-28, the near-surface recombination lifetime increases with
SiO2 thickness. The lifetime improves at a steady rate going from no oxide to 91 nm,
however from 91 nm to 280 nm the improvement is somewhat diminished. When the
surface passivation is improved, this leads to lower surface recombination and higher
effective recombination lifetime. With longer lifetime, there is a more substantial
concentration of carriers deeper in the bulk by the diffusion process, as quantified by
Equation 3-2. Hence, as the surface passivation process becomes more successful in
reducing surface recombination velocity, carriers are able to diffuse into the bulk region
where lower defect densities allow for additional extension of recombination lifetime.
This effect can be seen in curves C and D of Figure 6-28 where there is a change in slope
at t = 25 µs, indicating a transformation from a near-surface to a bulk lifetime.
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Figure 6-27: Selective etching of oxide from Si wafer surface allows for electrical contacting.
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Figure 6-28: Effect of oxidation thickness on near-surface recombination lifetime of p-type Si.
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6.3 Studies of Multi-crystalline Silicon Wafer Surface Characterization Using Nearsurface PCD (ns-PCD) Method

6.3.1 Effects of Orientation and Grain Boundaries
In contrast to homogeneous single crystalline wafers, mc-Si wafers can have large
variations in surface properties across the wafer due to the different crystallographic
orientations and grain boundaries [92]. Histograms of PCD measured near-surface
minority carrier lifetime for a single crystal and a multi-crystalline Si wafer (Figure 6-29)
clearly show a larger variation in the mc-Si case. Different surface morphologies from
grain to grain produce a variation in near-surface carrier lifetime. In addition, the grain
boundary density is often not uniform. For the same mc-Si wafer, longer recombination
lifetime was measured at sites with low grain boundary density (i.e. large grain sizes),
while shorter lifetime was measured at sites with high grain boundary density (Figure 630). As discussed earlier, grain boundaries are similar to surfaces with regard to
degradation of electrical properties. A local electric field at the grain boundary due to
interface states leads to high probability of carrier capture, hence decreasing the minority
carrier lifetime in the local grain boundary region [33]. As Figure 6-30b illustrates, the
amount of Si removed and the tilt angle of the resulting pyramid structures from the
anisotropic etch depend on the crystallographic orientation of the mc-Si grain, hence
there is significant variation from grain to grain which leads to step edges at the grain
boundaries [93]. These effects must be taken into account while considering application
of electrical methods for the purpose of monitoring of mc-Si surface processes [94].
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Figure 6-29: Distribution of near-surface minority carrier lifetime for 50 measurement locations on
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Figure 6-30: Optical micrographs of a mc-Si wafer surface with alkaline etch at a site without
grain boundaries (a) and a site with high grain boundary density (b), and corresponding
histograms of near surface minority carrier lifetime measured at the two sites (c).
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6.3.2 Effect of Surface Condition
In the next experiment in this study, the ability of the ns-PCD method to assess
the surface electrical properties of NaOH etched mc-Si surfaces relative to the initial
sawed surface was explored. First, bulk mobility was measured by the Hall method and
found to be, within limits, reproducible (173 - 223 cm2 /V-s) from grain to grain (see
Appendix A), as well as from saw damaged to chemically treated (NaOH etch) wafers
(Figure 6-31a). No distinction between the different surface morphologies is observable
by the Hall method. However, near-surface mobility measured by the PCD tool shows a
clear distinction between saw damaged and chemically treated wafer surfaces, with the
mobility of the latter being approximately 4 times higher than that of the former (Figure
6-31a). Similarly, the near-surface minority carrier lifetime measurements obtained by
PCD show a distinct difference between wafer surface conditions, with an average of 17
µs for chemically treated wafers compared to 5 µs for saw damaged wafers (Figure 631b). The ns-PCD curves for saw damaged and NaOH etched surfaces as measured by
the PCD tool for this experiment are shown in Figure 6-32.
Grain to grain variation in recombination lifetime has been observed in both
sawed and chemically treated wafer surfaces (Figures 6-33 and 6-34, respectively), with a
larger variation in the case of alkaline etched wafer surfaces (Figure 6-34). Figures 6-33
and 6-34 show that the PCD curves from three different measurement sites within the
same grain have the same amplitude and decay characteristics, indicating that surface
electrical properties are uniform within a given grain region.
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Figure 6-32: Near-surface PCD curves for textured pyramid (chemically polished) and sawed
wafer surfaces.
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Figure 6-33: Near-surface photoconductive decay of two different grains of same p-type saw
cut mc-Si wafer, with no surface treatment. The PCD results from 3 different locations within the
same grain are shown in each graph.
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Figure 6-34: Near-surface photoconductive decay of two different grains of same p-type mc-Si
wafer, following NaOH etch to remove saw damage and texture the surface. The PCD results
from 3 different locations within the same grain are shown in each graph.
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6.3.3 Monitoring Oxide Removal from mc-Si wafers
In Si wafer processing, regardless of its crystallographic structure, oxide removal
is accomplished by an HF etch. To assess the effect of HF etch on the near-surface
characteristics of mc-Si wafers, the hydrophobicity and near-surface minority carrier
lifetime were measured first on a vendor processed mc-Si wafer with standard NaOH
etch, and then immediately following a 1% HF for various immersion times. In the case
of polished single crystal Si (100) wafers, it is well known that a 1% HF surface
treatment reduces defect density on the surface by removing native and chemical oxide
layers and by passivating the surface via hydrogen termination. Initially the near-surface
carrier lifetime with the oxide layer present is poor, but as the etch proceeds there is
continuous improvement until the oxide layer is completely removed. Typically the
oxide layer is completely removed from a polished single crystal Si (100) wafer within
30-60 seconds of immersion time, with good correlation between surface wetting angle
and surface recombination lifetime [95]. However in the case of textured mc-Si wafers
investigated in this study, it was found that the near-surface carrier lifetime was reduced
from 10 µs to 4 µs in the first 30 seconds of immersion time in 1% HF, while the surface
had completed a transformation from hydrophilic (low wetting angle) to fully
hydrophobic (high wetting angle) (Figure 6-35). This effect is considered to be
significant, since a 30 second 1% HF treatment is expected to only improve surface
electrical properties of Si wafers. This finding supports recent reports that suggest
standard wet chemical treatments that have long been utilized as a last clean and
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Figure 6-35: Monitoring of surface properties of mc-Si wafer as a function of immersion time in
a 1% HF solution by contact wetting angle and by near-surface minority carrier lifetime.
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passivation step for atomically smooth single crystal Si wafers may not be suitable for
solar cell grade textured mc-Si wafers (e.g.[31, 86]). New wet chemical treatments
which are optimized for textured Si surfaces are needed (e.g. [96, 97]). In this
experiment it was found if the immersion time in HF solution is extended to 240 seconds,
the near-surface carrier lifetime of the mc-Si wafer can be restored to the pre-etch level of
approximately 10 µs (Figure 6-35). It is postulated that the reason for this behavior is an
artifact of textured mc-Si wafers having much higher densities of defects at the surface
than smooth single crystal Si wafers. A native oxide layer that grows on the mc-Si
surface following the first (texture) etch, even though not ideal due to organic
contamination and porosity, may serve as partial passivation for some portion of the large
population of dangling bond defects. Prior to the HF treatment, the surface was initially
hydrophilic indicating that an oxide layer was indeed present (Figure 6-35). During the
initial stages (i.e. first 15 seconds) of HF treatment the thin oxide layer is removed,
resulting in the initial high dangling bond defect density being reestablished, hence
increasing the number of recombination sites on the surface and at grain boundary steps
after 15 seconds of treatment. As the treatment proceeds for longer times (i.e. 15 – 240
seconds), the surface may be additionally altered such that impurities are removed and
hydrogen termination occurs, hence reducing the number of recombination sites.
However if the HF immersion time is too long, defects at the surface and grain
boundaries will be attacked, tending to increase the recombination activity at these sites.
From the data collected in this study, it seems the optimized immersion time in 1% HF
for last clean of the sample mc-Si wafers is 240 seconds (Figure 6-35).
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Another challenge in Si wafer manufacturing is maintaining an oxide free surface
for a sufficient amount of time after the wafer has been cleaned. The next experiment
utilizes the ns-PCD tool to monitor post HF oxide growth in clean room ambient air by
minority carrier lifetime and mobility. As discussed earlier, a native oxide layer provides
a partial surface passivation on mc-Si wafers and improves the near-surface
recombination lifetime relative to that for the case of an oxide free wafer surface. This
effect makes it possible to use the PCD tool to determine when a surface is no longer
oxide free during wafer storage. In this case, an mc-Si wafer received a 30 second
treatment in 1% HF solution to remove the chemical/native oxide layer and was
measured within 2 minutes of treatment, and at regular intervals thereafter until the
measurements stabilized. In order to avoid measurement variation due to site
dependence, once the wafer was mounted and probed it was aged in place and not
disturbed until the experiment was completed. During the initial 100 minutes of this
experiment the near-surface carrier lifetime remained constant, after which an increase
was initiated and proceeded until approximately 3000 minutes where stabilization
occurred (Figure 6-36). The near-surface carrier mobility, however, began decreasing
immediately after exposure to the ambient air. This effect is believed to be correlated to
the charge distribution at the surface and at the grain boundaries. It is known that a
positive charge is added to the Si surface in the course of just a few seconds of immersion
in a 1% HF solution by previous studies (e.g. [95]). However, a decrease in the charge
can occur quickly during exposure to ambient air due to molecules and ions being
adsorbed that add negative charges to the surface. As discussed earlier, the near-surface
mobility measured by the PCD tool represents the combined mobility of the excess
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Figure 6-36: Monitoring of post HF etch oxide growth on an mc-Si wafer by near-surface
minority carrier lifetime and mobility as a function of ambient air exposure time.
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carriers (Equations 3-3 and 3-5). In the absence of a space charge region, the excess
carriers in the sub surface region following injection of photons would consist of equal
concentrations of electrons and holes, and so measured near-surface mobility would be
determined by the combined effect of both types of carriers. However if a positive
charge has been added to the surface, a depletion or inversion condition would be present
with a space charge region extending from the surface into the bulk. In this case, the
excess electrons (higher mobility) are swept to the surface, while the holes are repelled
toward the bulk. Consequently, the electron mobility will dominate the near-surface
carrier mobility characterization for a p-type Si surface in depletion or inversion. The nsPCD determined mobility change in the early part of this experiment is a result of the
change in proportion of carrier type at the surface and in the sub-surface region. In the
early stages of the wafer aging in ambient air, the induced positive charge on the surface
dissipates, as indicated by the rapidly decreasing near-surface mobility measurement
(Figure 6-36). When a native oxide layer has grown sufficiently to stabilize the nearsurface carrier lifetime, the surface charge and measured mobility also stabilize as
indicated at approximately 3000 minutes of exposure (Figure 6-36). This experiment has
shown that use of the ns-PCD tool for monitoring surface treatments by relative changes
in near-surface mobility is not possible when the surface treatment brings about a change
in the charge distribution at the surface and grain boundaries. However, it should be
emphasized that the near-surface recombination lifetime as measured by the PCD tool is
an independent parameter which can be determined in either case, depletion/inversion or
accumulation.
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6.3.4 Monitoring Surface Passivation of mc-Si wafers
Oxidation of the mc-Si surface is a critical process used in the fabrication of solar
cells. In particular, the formation of a thin SiO2 layer on the bottom surface of the mc-Si
wafer often serves as a passivation layer to minimize back surface recombination
velocity, which leads to improved cell efficiency as discussed in sub chapter 2.1.2. The
impact of oxide growth on carrier transport properties in the interface region is an
important concern, as even minor changes in this critical region can significantly affect
final device performance. To investigate monitoring of surface passivation of mc-Si
wafers utilizing the PCD tool, two experiments were performed.
The first experiment involves a surface treatment in heated deionized water to
improve surface passivation by hydrogen termination. An mc-Si wafer as received from
the vendor with a textured surface, was characterized by PCD to obtain an initial
o

distribution for the near-surface recombination lifetime. Following an immersion in 80 C
DI water for 10 minutes, the wafer was removed and blown dry with nitrogen for 5
minutes, and immediately re-characterized by PCD to obtain the recombination lifetime
distribution. As can be observed in Figure 6-37, the mean of the distribution increased
from 11 µs to 19 µs indicating a significant reduction in surface recombination sites.
The second experiment was performed to determine the impact of oxidation
thickness on the near-surface electrical properties of p-type mc-Si wafers. Sections of a
o

wafer were subjected to a process of wet oxidation at 900 C for times of 15 minutes, 35
minutes, and 60 minutes. Following the oxidation step, photolithography and etching
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Figure 6-37: Histogram showing change in near-surface minority carrier lifetime of an alkaline
etched mc-Si wafer from the as-received condition to following a surface treatment of heated DI
water.
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steps were used to create windows in the SiO2 layer in order to allow contact probing to
the bare Si surface with a 3 mm probe spacing for the purpose of obtaining a PCD
measurement. The probes of the PCD tool were aligned to contact the sample within the
etched window, while the illumination was aligned so as to be incident upon the oxidized
surface area between the windows. The test site geometry is identical to that used for the
earlier characterization of oxidation layers of single crystal Si wafers (Figure 6-27).
In general, the near-surface recombination lifetime increases with oxidation time
(SiO2 thickness) as seen for the sawed wafer (Figure 6-38a) and the alkaline etched wafer
(Figure 6-38b). A notable effect can be seen in the case of the sawed wafer going from
the bare wafer reference to 15 minutes of oxidation (curve A to curve B of Figure 6-38a)
where there is a change in slope after t = 20 µs, indicating a transformation from a nearsurface to a bulk lifetime. It is believed that a high dangling bond density at the surface
of the saw damaged wafer is responsible for the initial low recombination lifetime, which
precluded any significant diffusion of carriers from the surface region into the bulk
region. The first oxidation step reduced the Si dangling bond density significantly, thus
leading to lower surface recombination and higher effective recombination lifetime.
Hence, as the surface passivation process provides for longer lifetime in the near-surface
region, carriers are able to diffuse into the bulk region where lower defect densities allow
for additional extension of recombination lifetime.
For longer oxidation times, 35-60 minutes, it can be observed from Figure 6-38a
and 6-38b that the PCD characteristics of the sawed wafer versus the polished wafer
appear to look similar with respect to near-surface and bulk recombination lifetimes,
although the polished wafer maintains an advantage in the near-surface region.
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Figure 6-38: Near-surface recombination lifetime as a function of oxidation growth time for a
sawed mc-Si wafer (a) and polished wafer (b).
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6.3.5 Impact of Texturing on Surface Electrical Properties: Alkaline vs. Acidic Etch
Solar cell manufacturers primarily use an anisotropic etch in an alkaline solution
of KOH or NaOH to simultaneously remove saw damage and texture the surface of mc-Si
wafers. The facet tilt angles from anisotropic etch depend on the crystallographic
orientation of the grain, hence there are variations in the anti-reflection effectiveness
from grain to grain. An alternative process of using an isotropic etch in an acidic solution
has been recently explored for solar cell grade mc-Si wafers (e.g [97-100]). An isotropic
etch in an HF/HNO3/H2O solution removes saw damage and produces a textured surface
with round shaped features which are orientation independent, providing uniform antireflection across the entire wafer surface. Lower reflectivity and lower contact resistance
have been reported for the acidic etched surface as compared to alkaline etched surfaces
[8, 101]. However, the impact of the texturing process on the surface electrical properties
needs to be considered. In this part of the study, the PCD tool is utilized to investigate
the near-surface recombination lifetime of mc-Si wafers textured by HF/HNO3/H2O etch
as compared to that of mc-Si wafers textured by NaOH etch.
The sawed wafer which was studied in this experiment has damage that extends
from the surface into the sub-surface region (Figure 6-39a). The etch removes
approximately 6 to 10 µm of Si from both sides of the wafer which removes the damaged
region. The surface after etch in hot concentrated NaOH has a morphology of pyramid
structures formed by intersecting Si {111} facets (Figure 6-39b). The surface after etch
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Figure 6-39: SEM images of mc-Si wafer for (a) sawed wafer surface, (b) textured surface by
alkaline etch, and (c) textured surface by acidic etch.
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in HF/HNO3/H2O (14:1:5) for 2 minutes at room temperature has rounded depressions
(Figure 6-39c). The PCD near-surface recombination lifetime of the sawed wafer was
measured with the mean of the distribution being 4.8 µs. Following a NaOH etch, the
mean near-surface recombination lifetime increased to 15.0 µs (Figure 6-40a). For the
case of the HF/HNO3/H2O etch, the mean near-surface recombination lifetime increased
to 12.1 µs (Figure 6-40b). It should be pointed out that the variation of recombination
lifetime is significantly larger for the HF/HNO3/H2O etched wafer surface, with the low
side of the distribution showing little improvement in recombination lifetime over the
sawed wafer measurement (Figure 6-40b). These results indicate that in terms of wafer
surface electrical properties, the resulting surface morphology from the NaOH etch
process is superior to that from the HF/HNO3/H2O etch process. It is postulated that
there are two contributing factors. First, for NaOH etched wafers, Si {111} facets are
predominantly exposed. These flat chemically polished surfaces feature a significant
reduction in defect density as compared to the damaged surface of the sawed wafer.
Second, in the course of an acidic etch, defects and grain boundaries are strongly
attacked, resulting in a high density of dangling bond defects at these sites.
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Figure 6-40: Histograms showing change in near-surface minority carrier lifetime from sawed
wafer to post alkaline (anisotropic) etch (a), and from sawed wafer to post acidic (isotropic) etch
(b).
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6.3.6 Monitoring of mc-Si Texturing Processes
A challenge of mc-Si wafer surface texturization is the optimization of etch
parameters, in particular, the concentration of etchants and the immersion time. For a
given etchant solution, immersion time must be sufficiently long to remove the damage
from the surface caused by the wire saw process and to provide effective anti-reflective
surface texture. However, long etch times will result in grain boundaries and defects
being strongly attacked, leading to short recombination lifetime. Recent studies on
isotropic texturing of mc-Si wafers have focused on optimizing the etch process for
obtaining best performance by evaluating the measured reflectance of textured wafers
and the final cell performance in terms of open circuit voltage, short circuit current, fill
factor, and efficiency (e.g.[100, 102]). To complement the aforementioned
characterizations, it is proposed that surface recombination lifetime should be used for inline monitoring of the etch process to evaluate surface electrical properties prior to final
processing steps. In order to explore this possibility, the PCD tool is considered for the
purpose of optimizing etch time of sawed mc-Si in HF/HNO3/H2O (14:1:5) solution by
monitoring near-surface recombination lifetime. To carry out the experiment, a sawed
wafer was separated into five sections approximately 3 cm x 5 cm with four of the
sections etched in HF/HNO3/H2O (14:1:5) solution for times of 1, 2, 5, and 20 minutes
while one section was not processed. SEM images show that the saw damage is removed
after 1 minute, with the formation of rounded depressions which increase in size with
etch time (Figure 6-41). Maximum recombination lifetime was found to be obtained
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Figure 6-41: SEM images for initial sawed wafer surface (a), and HF/HNO3/H2O etched surfaces
for immersion times of 1 minute (b), 2 minutes (c), 5 minutes (d), and 20 minutes (e).
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within 1 minute of etch time, indicating that the removal of the saw damage is complete
at this time (Figure 6-42). However, a visual inspection of the surface has shown that
texturing is minimal after this amount of etch time. After 2 minutes of etch time a
uniform surface texture has been developed, with a minor reduction in near-surface
minority carrier lifetime from approximately 15 µs to approximately 12 µs (Figure 6-42).
Further increase of etch time extends the depth of texturing, however the near-surface
minority carrier lifetime is significantly reduced, eventually dropping to the level of the
sawed wafer after 20 minutes of etch time.
Optical microscope images (Figure 6-43) reveal that for etch times longer than 2
minutes, areas of macro damage begin to develop as the HF/HNO3/H2O treatment
preferentially attacks defects (Figures 6-43c,d,e). It is believed that the development of
recombination centers from the macro defects is responsible for the degradation of nearsurface recombination lifetime for etch times longer than 2 minutes.
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Figure 6-42: Near-surface carrier lifetime of mc-Si wafer as a function of etch time in
HF/HNO3/H2O (14:1:5) solution.
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Figure 6-43: Optical micrographs for initial sawed wafer surface (a), and HF/HNO3/H2O etched
surfaces for immersion times of 1 minute (b), 2 minutes (c), 5 minutes (d), and 20 minutes (e).
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6.3.7 Conclusions With Regard to Multi-crystalline Silicon Wafer Surface
Characterization Using ns-PCD Method
Due to the large variation in electrical properties across the surface of an mc-Si
wafer, it was realized that in order to perform an effective characterization, many
measurements must be acquired over a large sample area in order to establish a statistical
distribution of properties. For an HF last clean step, it was found that longer immersion
time in 1% HF solution ( 240 seconds) was required in order to achieve the same quality
surface passivation as is achieved in a 30 second 1% HF etch for single crystal Si wafers.
The results from this study suggest that wet chemical treatments which were optimized
for single crystal wafers of ultra-pure Si will need to be modified for textured surfaces of
mc-Si.
In multi-crystalline Si solar cells, back surface recombination velocity is directly
linked to final cell performance parameters of Jsc, FF, and % efficiency. The
conventional method of verifying that back surface passivation is effective is to fabricate
the complete cell, and then characterize Jsc, FF, and % efficiency to determine if
specifications have been met. This method may result in costly scrap if the surface
passivation is ineffective. An alternate method developed in this investigation utilizes nsPCD for in-line process monitoring to evaluate back surface recombination velocity
immediately following the surface passivation step, thereby eliminating poor quality
wafers early on in the process.
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Chapter 7

SUMMARY AND FUTURE WORK

7.1 Summary

Much work has been done over the last several decades with regard to developing
methods of electrical characterization for single crystal Si wafers in the microelectronics
industry. This industry has been traditionally well funded, and as a result many
commercial electrical characterization tools, based on a variety of methods, are available
today for in-line process monitoring of Si wafers in front end operations. Meanwhile,
recent interest in renewable energy sources has propelled the photovoltaic industry into a
growth phase during the last decade. In order to address the major challenge in solar
energy, reducing cell cost while maintaining efficiency, manufacturers of Si solar cells
have migrated to less expensive fabrication processes, lower grade materials, and antireflective surfaces. Unfortunately, the commercial tools developed for high quality Si
wafers are not able to accommodate all of the electrical characterization needs of the
solar cell industry. The goal of this thesis was to investigate an alternative electrical
characterization approach that is adapted specifically for determining carrier transport
properties of solar cell grade multi-crystalline Si that are directly related to final cell
performance (% efficiency).
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In the first portion of the thesis research, an adaptation of PCD for electrical
characterization of wafer surfaces was explored. Initially, a non-contact version, RFPCD was developed for non-destructive characterization. However, characterization of
solar cell grade Si materials requires high sensitivity for detection of low levels of
photoconductivity in a near-surface region where carrier mobility is significantly
reduced. In the present configuration, the RF-PCD tool is unable to provide the required
sensitivity, and due to time constraints, further development was not possible for this
thesis. Subsequently, a physical contact version of PCD was implemented, employing a
temporary contact with the semiconductor surface by means of probes. This version of
the tool was found to have the necessary sensitivity in order to accomplish all the goals of
this project.
To complete the PCD tool development, a certification of the capabilities was
performed. The longer recombination lifetimes of single crystal wafers of indirect
bandgap semiconductors Si and Ge (10-100 µs), and the relatively shorter recombination
lifetimes of single crystal direct bandgap semiconductors GaAs and InP (50 ns – 1 µs)
were verified. The ns-PCD measured response to surface treatments (native oxide
removal and growth of a passivation layer) performed on prime single crystal Si wafers
correlated with the electrical property changes that are known to occur in response to the
change in the chemical condition of the surface.
A surface roughness experiment with Ge wafers was performed to explore the
correlation of measured near-surface electrical properties to the extent of microroughness of the surface. The process of boiling wafers in DI water for various times
was used to obtain controlled changes in surface roughness, as verified by AFM
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characterization. The reduction in measured minority carrier lifetime and mobility in
response to a minor increase in surface roughness (< 1 nm RMS) of Ge wafers
demonstrates that the ns-PCD method measures carrier transport properties in a very
shallow sub-surface region of semiconductor dominated by surface effects. The results
of this experiment show that the ns-PCD method is sufficiently sensitive to detect
changes in the morphology of semiconductor surfaces.
Capability for electrical characterization of Si thin film semiconductor was
investigated by means of SOI substrates. The temporary contact ns-PCD only measures
photocurrent of the layer on the surface, and hence only characterizes the electrical
properties of the thin film Si. This method overcomes the limitation of non-contact
methods, where the inductive probe detects the photoconductivity of both the active and
bulk layers, making it difficult to distinguish the film properties from bulk properties.
The pronounced change in ns-PCD measured recombination lifetime of the SOI in
response to the surface chemistry changes of a 30 second HF treatment was a clear
indication that the electrical properties of the Si thin film layer are being detected.
The impact of oxidation thickness on the near-surface electrical properties of a ptype single crystal Si wafer was studied by ns-PCD characterization. Following oxide
growth, selective area etching was used to provide contact sites for PCD probes. Since
the bandgap of the oxide material is larger than the photon energy of the illumination, the
light passes through the oxide layer without being absorbed. It was found that the nearsurface recombination lifetime increases from 14.6 µs to 29.4 µs as SiO2 thickness
increases from 0 to 280 nm. This experiment demonstrated the usefulness of the ns-PCD
tool for evaluating the effectiveness of surface passivation.
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In contrast to homogeneous single crystalline wafers, mc-Si wafers can have large
variations in surface properties across the wafer due to the different crystallographic
orientations and grain boundaries. In order to effectively characterize mc-Si wafers,
many measurements must be acquired over a large sample area in order to establish a
statistical distribution of electrical properties. Bulk mobility as measured by the Hall
method was found to be reproducible grain to grain, as well as from saw damaged to
chemically treated (NaOH etch) wafers, and no distinction between the different surface
morphologies could be made. However, near-surface mobility measured by the PCD tool
shows a clear distinction between saw damaged and chemically treated wafer surfaces,
with the mobility of the latter being approximately 4 times higher than that of the former.
Similarly, the near-surface recombination lifetime measurements show a distinct
difference between the aforementioned wafer surface conditions (∆τ = 12µs), while no
conclusion could be drawn from the bulk recombination lifetime.
The monitoring of removal of thin oxide layers from mc-Si wafers by an HF etch
is typically performed by chemical or physical analysis. In this thesis, monitoring oxide
removal from mc-Si wafer surfaces by electrical characterization has been demonstrated
with the ns-PCD tool. Near-surface recombination lifetime results were compared to
contact wetting angle measurements. It was found that while near-surface recombination
lifetime improves as chemical/native oxide is removed, the process requires longer
immersion time in HF solution in order to achieve the same results as in the single crystal
Si case. The results from this study suggest that wet chemical treatments which were
optimized for single crystal wafers of ultra-pure Si may need to be modified for textured
surfaces of mc-Si. Near-surface carrier mobility of mc-Si was found to be strongly
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influenced by charge distribution at the surface and grain boundaries, hence it is not an
effective parameter for monitoring surface treatments that alter the surface charge. Nearsurface recombination lifetime, however, is an independent parameter which does not
require a static surface charge to evaluate the effects of various surface treatments.
A critical step in solar cell processing is surface passivation, often achieved by
thermal oxidation. The formation of a thin SiO2 layer on the bottom surface of the mc-Si
wafer serves to minimize back surface recombination velocity, which leads to improved
cell efficiency. A method of monitoring surface passivation of mc-Si wafers utilizing the
PCD tool has been developed. Experimental results obtained show that the near-surface
recombination lifetime increases incrementally with SiO2 thickness for both sawed and
chemically polished wafers (∆τ ≅ 3µs for ∆tox ≅ 43 nm).
While many solar cell manufacturers use an anisotropic etch in an alkaline
solution of KOH or NaOH to simultaneously remove saw damage and texture the surface
of mc-Si wafers, some have considered an isotropic etch with an acidic solution of
HF/HNO3/H2O. Typically, the etch process is optimized by evaluating the measured
reflectance of textured wafers and the final cell performance. To complement the
aforementioned characterizations, it is proposed in this thesis that surface recombination
lifetime should be used for in-line monitoring of the etch process to evaluate surface
electrical properties prior to final processing steps.
Based on the results obtained it is postulated that the PCD technique proposed in
this thesis can be useful in providing an easy to implement, time-effective method
allowing monitoring of the effect of various surface processing steps in semiconductor
manufacturing, particularly in the solar cell industry.
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7.2 Future Work

This study has established a foundation for a characterization method which may
potentially have application for study of many semiconductor technologies and materials.
The follow-up projects proposed here would greatly expand the capabilities of the tool,
and would provide opportunities for interested individuals or groups to engage in
challenging research.
First and foremost, completing development of the non-contact RF-PCD version
of this tool will make this method completely non-destructive. With a non-contact tool,
characterization of oxidized surfaces, without the need for photolithography and etching
processes to define openings through the oxide layer for temporary contact by probes,
would then be possible. Another application is novel thin film materials, where
electrical detection without contact may be essential as it may be difficult to obtain
reproducible results by physical contact probing of a structurally weak surface. The
current status of the RF-PCD version of the tool is that a rebuilding of the inductive coil
(probe) is required to provide a high level of conductivity detection sensitivity. All other
hardware in the system is performing satisfactorily. Additionally, software work may be
required to enhance capabilities of the user interface.
Exploring the PCD capability for characterizing thin film amorphous Si is another
application that would benefit from the ability to determine properties in thin layers
(~100 nm) of semiconductor. Similar to mc-Si, variations in electrical properties across
the surfaces of amorphous Si solar cells make it necessary to sample large areas. The
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defect density in unpassivated amorphous Si is very high (>1016 cm-3), resulting in a
material which cannot be doped because the carriers introduced by donor or acceptor
impurities are captured by dangling bond defects [29]. Passivation with hydrogen
reduces dangling bond defect densities, resulting in a material in which p-n junctions can
be formed. Near-surface characterization of recombination lifetime in amorphous Si may
possibly be used as a process monitoring tool to assess the effectiveness of hydrogen
passivation.
CuInSe2, CuInGaSe2, and CdTe, which are direct bandgap materials and absorb
light strongly in a thin region near the surface, are utilized for low cost thin film
photovoltaics. These materials can be deposited over large areas on inexpensive
substrates, however high defect densities often result in poor charge transport properties,
leading to low efficiency. A main challenge is to improve transport properties. An
electrical characterization method which is optimized for thin film application, such as
the PCD tool developed in this study, will be a useful tool for evaluation of charge
transport property improvements of thin film photovoltaics.
Another possible application of the PCD methods developed in this study is
electrical characterization of Germanium-on-insulator (GeOI). This technology
combines the high carrier mobility of Ge with the advantages of a semiconductor-oninsulator structure to fabricate a substrate for high performance IC devices. The
capability of near-surface PCD to characterize Si SOI, which has been demonstrated in
this project, can be directly applied to electrical characterization of GeOI wafers.
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Lastly, it is proposed that the near-surface PCD tool may be used to study carrier
transport properties in nanoscale transistors. Since the bandgap of dielectric materials is
very large, (i.e. > 5 eV), photons from the PCD laser illumination will not be absorbed by
the dielectric and will pass through to the semiconductor material directly underneath the
dielectric layer. With this method, it is possible to measure the carrier lifetime in the
vicinity of the semiconductor/dielectric interface of a quantum well transistor structure,
prior to gate fabrication, using a microscope to position the PCD contact probes to the
source and drain contacts of the transistor device.
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Appendix A

Hall Effect Data Summaries for Multi-crystalline Silicon Wafers

Figure A-1: Multi-crystalline Si Wafer Hall Measurement - Polished wafer – grain #1.
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Figure A-2:

Multi-crystalline Si Wafer Hall Measurement - Polished wafer – grain #2.
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Figure A-3: Multi-crystalline Si Wafer Hall Measurement - Unpolished wafer – grain #1.
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Figure A-4: Multi-crystalline Si Wafer Hall Measurement - Unpolished wafer – grain #2.

143

Appendix B

Visual Basic Program for Calculating Near-surface Recombination Lifetime
from raw PCD Data
The following Visual Basic code may be executed on a Windows based PC to acquire
time resolved data from a digitizing oscilloscope, calculate the near-surface
recombination lifetime, and save the raw data to text file which can be ported into an
excel application for analysis and plotting.
Public Scope As Integer
Private Sub CmdMeasure_Click()
Dim Data_string As String
Dim Xinc As String
Dim Yinc As String
Dim Inc_time As Double
Dim Inc_amp As Double
Dim Index1%, Position%, I%, Exit_loop%, J%, peak%
Dim Temp$
Dim Array_amp(499) As Integer
Dim X_(1000) As Double
Dim Y_(1000) As Double
Dim Slope As Double
Dim Intercept As Double
Dim Lifetime As Double
Dim Sweeptime As Double
Dim threshold As Double
Dim lin_value As Double
Data_string = Space(5000)
Xinc = Space(50)
Yinc = Space(50)
Call ibwrt(Scope, ":WAV:XINC?")
Call ibrd(Scope, Xinc)
Inc_time = Val(Xinc)
Call ibwrt(Scope, ":WAV:YINC?")
Call ibrd(Scope, Yinc)
Inc_amp = Val(Yinc)
Call ibwrt(Scope, ":WAV:DATA?")
Call ibrd(Scope, Data_string)
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'Parse Data to Amplitude Array
Index1% = 1
I% = 1
Position% = 0
Exit_loop% = 0
Do Until Exit_loop% = True
Position% = InStr(Index1%, Data_string, ",", 1)
If Position% <> 0 And I% <= UBound(Array_amp) Then
Temp$ = Mid(Data_string, Index1%, Position% - Index1%)
Array_amp(I%) = Val(Temp$)
'Debug.Print "I = " + Str(I%) + " Amp = " + Str(Array_amp(I%))
Index1% = Index1% + Len(Temp$) + 1
I% = I% + 1
Else
Exit_loop% = True
End If
Loop
'Calculate lifetime
peak% = ArrayMaxIndex(Array_amp)
threshold = ArrayMin(Array_amp) + 0.6 * (ArrayMax(Array_amp) ArrayMin(Array_amp))
Sweeptime = 0
For J% = 1 To (I% - (peak% + 1))
X_(J%) = Sweeptime
lin_value = Array_amp(peak% + J%)
Y_(J%) = Lgt(lin_value)
If Array_amp(peak% + J%) < threshold Then GoTo Done_fill_array
Sweeptime = Sweeptime + Inc_time
Next J%
Done_fill_array:
Call LinearFit(X_(), Y_(), J%, Intercept, Slope)
Lifetime = ((Lgt(0.368 * Array_amp(peak% + 1)) - Intercept) / Slope) - X_(1)
txtLifetime.Text = Lifetime * 1000000
file_name$ = Int(Timer)
' generate data file
On Error GoTo File_error
Filenum = FreeFile
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Open "C:\Data\" + file_name$ For Output As #Filenum
Print #Filenum, "/PROG_VER " + Str(SOFTWARE_VERSION%); Chr(10);
Print #Filenum, "/TEST_PROGRAM " + PROG_NAME$; Chr(10);
Print #Filenum, "/DEVICE " + Laser_id$; Chr(10);
Print #Filenum, "/CODE " + Code$; Chr(10);
Print #Filenum, "/FACILITY " + FACILITY_ID$; Chr(10);
Print #Filenum, "/OPERATOR " + Op_initials$; Chr(10);
Print #Filenum, "/DEVICE_FM " + Final_status$; Chr(10);
Print #Filenum, "TEST DATE " + Str(Date) + " " + Str(Time); Chr(10);
Print #Filenum, "LIFETIME " + Str(Lifetime); Chr(10);
Print #Filenum, "TIME_INCREMENT " + Str(Inc_time); Chr(10);
Print #Filenum, "AMPLITUDE_INCREMENT " + Str(Inc_amp); Chr(10);
' Now write data
For J% = 1 To (I% - 1)
Print #Filenum, Str(Array_amp(J%)); Chr(10);
Next J%
File_error:
Close #Filenum
End Sub
Private Sub Form_Load()
Dim Idn As String
Idn = Space(50)
Scope = ildev(1, 7, 0, T1s, 1, 0)
Call ibwrt(Scope, "*IDN?")
Call ibrd(Scope, Idn)
Call ibwrt(Scope, ":WAV:FORMAT ASCii")
End Sub

Option Base 1
Private Response%
Public Function ArrayMax(ArrayData)
'finds MAX value in a one dimensional array
TempVal = ArrayData(1)
For I = 2 To UBound(ArrayData)
If ArrayData(I) > TempVal Then
TempVal = ArrayData(I)
End If
Next I
ArrayMax = TempVal
End Function
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Public Function ArrayMaxIndex(ArrayData)
'finds array INDEX of MAX value in one dimensional array
TempVal = ArrayData(1)
Indexnum = 1
For I = 2 To UBound(ArrayData)
If ArrayData(I) > TempVal Then
TempVal = ArrayData(I)
Indexnum = I
End If
Next I
ArrayMaxIndex = Indexnum
End Function
Public Function ArrayMinIndex(ArrayData)
'Finds array INDEX of MIN value in one dimensional array
TempVal = ArrayData(1)
Indexnum = 1
For I = 2 To UBound(ArrayData)
If ArrayData(I) < TempVal Then
TempVal = ArrayData(I)
Indexnum = I
End If
Next I
ArrayMinIndex = Indexnum
End Function
Public Sub ArrayMat(ArrayData As Variant, Mat_value As Variant, Optional Max_dim
As Variant)
'MATS a multi dimensional array (up 3 dimension) to a Mat_value
Dim I%, J%, K%
If IsMissing(Max_dim) Then
For I% = 1 To UBound(ArrayData)
ArrayData(I%) = Mat_value
Next I%
Else
Select Case Max_dim
Case 2
For J% = 1 To UBound(ArrayData, 1)
For I% = 1 To UBound(ArrayData, 2)
ArrayData(J%, I%) = Mat_value
Next I%
Next J%
Case 3
For J% = 1 To UBound(ArrayData, 1)
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For I% = 1 To UBound(ArrayData, 2)
For K% = 1 To UBound(ArrayData, 3)
ArrayData(J%, I%, K%) = Mat_value
Next K%
Next I%
Next J%
End Select
End If
End Sub

Public Sub ArrayMat_Oper(ArrayData As Variant, Oper$, Value As Variant)
'MATS a single dimensional array using the operator and function
' Oper$ = "+", "-", "/", and "X"
Dim I%, J%, Maxd%
For I% = 1 To UBound(ArrayData)
Select Case Oper$
Case "+"
ArrayData(I%) = ArrayData(I%) + Value
Case "-"
ArrayData(I%) = ArrayData(I%) - Value
Case "/"
ArrayData(I%) = ArrayData(I%) / Value
Case "X"
ArrayData(I%) = ArrayData(I%) * Value
Case Else
Response% = MsgBox("Invalid Operation (" & Oper$ & ") in Function
ArrayMat_oper.", vbOKOnly + vbCritical)
End Select
Next I%
End Sub

Public Function Check_valid_range(Value As Variant, Min As Variant, Max As Variant)
As Boolean
'Return true if Min<= Val <= Max else false
If Value >= Min And Value <= Max Then
Check_valid_range = True
Else
Check_valid_range = False
End If
End Function
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Public Function Lgt(Val#)
' Returns LOG, Base 10 of Val#
Lgt = Log(Val#) / Log(10#)
End Function
Public Function Max(Val1 As Variant, Val2 As Variant)
' Return Maximum Value of 2 passed values
If Val1 > Val2 Then
Max = Val1
Else
Max = Val2
End If
End Function

Public Function Min(Val1 As Variant, Val2 As Variant)
' Return Maximum Value of 2 passed values
If Val1 > Val2 Then
Min = Val2
Else
Min = Val1
End If
End Function

Public Function ArrayMin(ArrayData)
'finds MIN value in a one dimensional array
TempVal = ArrayData(1)
For I = 2 To UBound(ArrayData)
If ArrayData(I) < TempVal Then
TempVal = ArrayData(I)
End If
Next I
ArrayMin = TempVal
End Function

Public Function ArraySearch(ArrayData#(), Mode$, Value#)
' Try to satisfy Mode$ and Value# in a one dimensional array
' Similar to MAT LOC SEARCH using REALs in HP Basic
' Return Index > Ubound(ArrayData) if not satisfied
' Valid Mode$ = "LOC>", "LOC>=", "LOC<" and "LOC<="
Dim Index%, Search_v#, I%
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For I% = LBound(ArrayData) To UBound(ArrayData)
If (Mode$ = "LOC<" And ArrayData(I%) < Value#) Or (Mode$ = "LOC<=" And
ArrayData(I%) <= Value#) Or (Mode$ = "LOC>" And ArrayData(I%) > Value#) Or
(Mode$ = "LOC>=" And ArrayData(I%) >= Value#) Then
ArraySearch = I%
Exit Function
End If
Next I%
ArraySearch = I% 'Condition not satisfied
End Function

Public Sub LinearFit(X_() As Double, Y_() As Double, N As Integer, Intercept As
Double, Slope As Double)
'***** MODEL: Y=B*X+A *****
Dim Temp As Double
Dim abort As Double
Dim X1 As Double
Dim Y1 As Double
Dim Z1 As Double
Dim X2 As Double
Dim Y2 As Double
Dim Z As Double
Dim I As Integer

For I = 1 To N
X1 = X1 + X_(I)
'sum of X's
Y1 = Y1 + Y_(I)
'sum of Y's
X2 = X2 + (X_(I) * X_(I)) 'sum of X squares
Y2 = Y2 + (Y_(I) * Y_(I)) 'sum of Y squares
Z = Z + (X_(I) * Y_(I))
Next I
X1 = X1 / N 'mean X
Y1 = Y1 / N 'mean y
Slope = (Z - N * X1 * Y1) / (X2 - N * X1 * X1) 'slope
Intercept = Y1 - Slope * X1
'intercept
End Sub
Public Function LogToLinConv(Ber_min#, Ber_max#, Lin_range#, BitErrorRate#)
'Convert Ber_min(ex. 1E-12)- Ber_max(ex. 1E-6) to (0 to lin_range)
Dim yc1 As Double
Dim C1 As Double
Dim C2 As Double
Dim C3 As Double
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Dim ClVal As Double
If BitErrorRate < Ber_min# Then
' Value is outside of range
yc1 = -1
Else
C1 = Lgt(-1 * Log(Ber_min#))
C2 = Lgt(-1 * Log(Ber_max#))
C3 = C1 - C2
ClVal = Lgt(-1 * Log(BitErrorRate#))
yc1 = Lin_range# * (C1 - ClVal) / C3
End If
LogToLinConv = yc1
End Function
Public Function CnvtWL_vac_to_air(Wl_vac#)
' Convert WL referenced to Vacuum to Air (Std Atm P, Norm Rel Humidity)
' n(air) is approximate for use at 1300-1550 nm region
' format to ###0.### (nm)
Dim n_air#
n_air# = 1.000273
CnvtWL_vac_to_air = Val(Format(Wl_vac# / n_air#, "###0.###"))
End Function

Public Function SArraySearch(ArrayData$(), Search$)
' Find array index satisfying Search$ in a one dimensional array
' Similar to MAT LOC SEARCH= using Strings in HP Basic
' Return Index > Ubound(ArrayData) if not satisfied
Dim Index%, I%
For I% = LBound(ArrayData$) To UBound(ArrayData$)
If Trim(ArrayData$(I%)) = Trim(Search$) Then
SArraySearch = I%
Exit Function
End If
Next I%
SArraySearch = I% 'Condition not satisfied
End Function
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