March 2002 -« NREL/SR-520-31777

el Process Development

and Basic Studies of
it Electrochemically Deposited
N .§§§ CdTe-Based Solar Cells

Final Technical Report
15 May 1998—17 August 2001

- Colorado School of Mines
Golden, Colorado

National Renewable Energy Laboratory

1617 Cole Boulevard
Golden, Colorado 80401-3393

NREL is a U.S. Department of Energy Laboratory
Operated by Midwest Research Institute e Battelle ¢ Bechtel

Contract No. DE-AC36-99-GO10337

.
«: E»
&



March 2002 -« NREL/SR-520-31777

Process Development

and Basic Studies of
Electrochemically Deposited
CdTe-Based Solar Cells

Final Technical Report
15 May 1998—17 August 2001

V.l. Kaydanov and T.R. Ohno
Colorado School of Mines
Golden, Colorado

NREL Technical Monitor: Bolko von Roedern

Prepared under Subcontract No. XAK-8-17619-28

ol
« wNRSL
‘=' National Renewable Energy Laboratory

1617 Cole Boulevard
Golden, Colorado 80401-3393

NREL is a U.S. Department of Energy Laboratory
Operated by Midwest Research Institute e Battelle ¢ Bechtel

Contract No. DE-AC36-99-GO10337



NOTICE

This report was prepared as an account of work sponsored by an agency of the United States
government. Neither the United States government nor any agency thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United States government or any
agency thereof. The views and opinions of authors expressed herein do not necessarily state or reflect
those of the United States government or any agency thereof.

Available electronically at http://www.osti.gov/bridge

Available for a processing fee to U.S. Department of Energy
and its contractors, in paper, from:

U.S. Department of Energy

Office of Scientific and Technical Information

P.O. Box 62

Oak Ridge, TN 37831-0062

phone: 865.576.8401

fax: 865.576.5728

email: reports@adonis.osti.gov

Available for sale to the public, in paper, from:
U.S. Department of Commerce
National Technical Information Service
5285 Port Royal Road
Springfield, VA 22161
phone: 800.553.6847
fax: 703.605.6900
email: orders@ntis.fedworld.gov
online ordering: http://www.ntis.gov/ordering.htm

4>
'-y‘ Printed on paper containing at least 50% wastepaper, including 20% postconsumer waste


http://www.osti.gov/bridge
http://www.ntis.gov/ordering.htm

PREFACE

This project, “Process Development and Basic Studies of Electrochemically Deposited CdTe-
Based Solar Cells”, which has been conducted at the Colorado School of Mines (CSM), is part of
the NREL Thin-Film Partnership Program. The project addresses long-term research and
development issues related to polycrystalline thin-film solar cells. Our general research approach
is based on combining activities aimed at improvement of cell performance and stability with
activities aimed at increasing our fundamental understanding of the properties of materials
making up the cells: CdTe, CdS, multi-layer back contact, and transparent conducting oxide
(TCO) front contact. We emphasize the relation between structural and electronic material
properties and various processing procedures as well as the microscopic mechanisms responsible
for the cell performance and its degradation.

There is a lack of knowledge and understanding of basic issues behind the CdTe/CdS cell
performance and stability, such as the nature and electronic properties of impurities and defects
that control the majority carrier concentration, mechanisms of the dopant compensation,
recombination centers, their nature and properties, diffusion, electromigration and transformation
of defects under various processing, stress, and operating conditions, etc. We believe that better
basic understanding of the specific influence of polycrystallinity, especially for fine-grain
materials characteristic of CdTe-based cells, is now one of the most important issues we must
address. We need to clarify the role of grain boundaries (GB) in forming the film electronic
properties as well as those of the p-n junction. It is important to study and understand the
influence of the GB boundaries on the spatial distribution and migration of impurities and
electrically active defects. To fulfill these tasks one needs to develop new methods and
techniques (or adjust existing ones) for material characterization as well as more sophisticated
approaches to the data analysis and modeling. This report presents studies relevant to the
problems formulated above that were carried out at CSM during this project according to the
Statement of Work and Tasks of the Subcontract.

Section 1 presents studies of CdTe films using the in-plane electrical characterization Impedance
spectroscopy (IS) films - measurements of the complex impedance in a wide frequency range.
These were aimed at studies of electronic properties of grain boundaries (GB). Validity of
various physical and electrical models for the impedance analysis are discussed. Experimental
studies demonstrated the presence of a potential barrier for holes in the GB region, which is
responsible for a very high electrical resistance of films that depends exponentially on the barrier
height. Lowering of the barrier under illumination provides a significant photoconductivity
effect. It was shown that the space charge density (SCD) in the vicinity of GB was orders of
magnitude greater than the grain bulk SCD. A high density of GB electronic states was estimated
based on the bias-dependent capacitance measurements. It was found that the GB electronic
properties depend on processing technology. The second part of the section presents Hall
concentration and mobility studies. Combined Hall and IS measurements under varying
illumination intensity (photo-Hall and photo-IS) reduced the GB influence and provided more
realistic estimates of hole concentration and mobility in the grain bulk. In films with reduced
hole concentration Hall effect is significantly influenced by photogenerated carriers which
enabled estimation of electron mobility and effective lifetime. Using higher light intensities the
same estimates could be made for the films in a practical doping level range (~10'*-10" cm™).



Studies of band spectrum and electron scattering in transparent conducting oxides are presented
in Section 2. We discuss here details and parameters of the spectrum and scattering that relate to
the figure of merit for TCOs, formulate and provide theoretically basis for experimental method
for their studies based on simultaneous measurements of various transport phenomena in
stationary external fields and in ultrahigh frequency electromagnetic fields (optical
characterization). This method provided information on the effective mass value, deviation from
a parabolic spectrum, the shape of constant-energy surfaces, dominating scattering mechanism,
and also contribution of grain boundaries to the film sheet resistance. A brief description of the
principal features of the measurement equipment and experimental procedure are also presented
in this section.

Studies of spectral dependencies of photocurrent and its spatial distribution over the cross section
of the electrodeposited (ED) CdTe cell were performed using the near field scanning optical
microscopy (NSOM) (Sec. 3). The instrumentation provided spatial resolution of ~1000 A which
was sufficient for revealing and mapping non-uniformities caused by the fine-granular structure
of the CdTe absorber layer. Dependence of the CdTe;«Sx bandgap on S composition enabled the
microscopic identification of S-rich regions in the CdTe layer by combining NSOM with a
tunable laser. S composition was found to be very non-uniform and greater along grain
boundaries than in the grain centers, identifying grain boundaries as locations of enhanced
interdiffusion. In some cross-sectional photocurrent images, enhancements in photocurrent were
observed near grain boundaries for the photon energies not only below but also well above the
CdTe bandgap. This non-trivial effect may provide some guidance about the complex influence
of grain boundaries on cell performance.

Section 4 presents studies of deep traps in CdTe cells using DLTS (in collaboration with NREL)
and admittance spectroscopy (AS) techniques. Cells were also characterized with J-V, C-V,
C(V,T), C(V, f) measurements. It was found that the C-V profile changes significantly with
temperature. Two possible mechanisms behind these changes were discussed: the temperature
dependence of the free hole concentration, and high concentration of deep traps, whose
contribution to the measured capacitance increases with temperature. One deep trap for electrons
and four traps for holes were detected by DLTS studies. Concentration of traps is comparable to
the free hole concentration detected by C-V measurements and depends strongly on the
temperature of the Cu post-deposition annealing temperature. The latter also influences Cu
concentration detected by SIMS measurements. It was found that the minority-carrier lifetime
reduces with increasing concentration of Cu and of the traps located close to midgap. Admittance
spectroscopy also revealed at least two single-level (or narrow-band) traps as well as a band (or
bands) of very slow (hence deep) traps. The latter could be attributed to the GB electronic states.
AS results also indicate high concentration of deep traps, probably exceeding the “C-V doping
level”.

Section 5 presents studies of degradation under stress conditions of the cells with differently
processed CdTe and different back contacts. We compared cells based on CdTe prepared by First
Solar, LLC, and on CdTe electrodeposited at CSM. Back contacts were of two types:
Cu/ZnTe/Au and Cu/Au. It was shown that under the same stress conditions the degradation of
the cell parameters occurs significantly different for the cells with differently prepared CdTe as



well as for different back contacts. Degradation of cells was accompanied and caused, at least
partially, by significant changes in the cell doping profile, which probably indicates spatial
redistribution of electrically active defects and very likely non-uniform changes in compensation
degree. A strong influence of bias applied during stressing on the doping profile indicates a
significant contribution of electromigration to this and perhaps to transformation of the defects in
strong built-in electric fields. The section is concluded with an analysis of the problems to be
addressed in continuing studies aimed at clarification of the degradation mechanisms and
possible technical approaches to their solution.

Appendices present data on personnel involved in the studies, laboratory improvements,
publications and presentations for the project period.
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1. ELECTRONIC PROPERTIES OF THIN CdTe FILMS

1.1 Impedance Spectroscopy of Grain Boundaries

Measurements of the complex impedance on polycrystalline films in a wide frequency range
(impedance spectroscopy) are aimed at studies of electronic properties of grain boundaries (GB).
These measurements characterize properties of a film as a whole. Then, based on some physical
and electrical models we extract from these measurements the parameters averaged over
numerous grain boundaries in a sample. The validity of the models used must always be
examined. We need to analyze conditions under which a particular model is valid or at least
provides reasonably small errors in the parameter estimates derived from the measurements.

In this section we present and discuss:

- physical and electrical models we use;

- issues related to the experimental techniques and procedures;

- some results obtained on CdTe thin films.

1.1.1 Physical and electrical models

The simplest model

The basic idea of the method is that a polycrystalline film is a two-phase material with very distinct
electrical properties of each phases. One phase is the intragrain (IG) material and the other is
represented by the GB regions with the potential barriers for the majority carriers. The GB is
characterized by high resistance for the grain-to-grain carrier transport and also by capacitance
provided by depleted semi-insulating layers adjacent to the GB. The grain is assumed to be
electrically equivalent to a resistor, Rjg, whereas the GB is electrically modeled as a resistor, Rgg, in
parallel with a capacitor, Cgp (Fig. 1.1). At low frequencies the film impedance is almost totally
defined by the GB resistance. At high frequencies the GB capacitor effectively shunts the GB
resistor, so that the measured resistance tends to the IG resistance.

Rge
Ri

| |
11
Cgs

Fig. 1.1  The simplest electrical model of a polycrystalline film. Resistor Rgg and capacitor Cgp
represent grain boundary. Resistor Ry represents the intragrain material.

IS measurements were done with the HP4284a and HP4285a LCR meters that cover a combined
frequency range of 20 Hz to 30 MHz. Data were taken and treated using a custom HP Vee
program. Real and imaginary parts of impedance as a function of frequency were measured and
displayed in the “s”, or series, and “p”, or parallel, modes. In particular, the “series resistance”
represents the real part of impedance, Ri=Re(Z), and the “parallel” one the inverse of the

admittance, R,=1/Re(Y). The “series” and “paralle]” capacitances relate respectively to
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imaginary parts of impedance and admittance: Ce=-[olm(Z)]" and Cp=Im(Y)/® where o is the
angular frequency. The data were compared to the calculated dependencies for a suitable
electrical model of a film. For the electrical model in Fig. 1.1, the relations between the displayed
R, Cp, Rs and C; values, and the sample parameters, Rgs, Cgn, and Ryg are as follows:

Ry=RigH{Rap/(1+0)]- {1+o/[1+(Ri/Ra)(1 o]} (1.1)
R=RigtRas/(1+0) (1.2)
Cp=Cap(1+00)/ {[ 1+Ri/Rgp(1+0r)]*+ou} (1.3)
Ce=C-(1+a)/o (1.4)
where OL=(RGBCGB(J))2 and o is the angular frequency.
CdTe - serial/parallel resistance
1.E+08
1.E+07
E 1.E+06 |
L
e .
S 1E+05 w\
Q 1.
.‘3 %‘%‘ o Rp(meas)
§ 1 E+04 N e Rs(meas)
N - = = =Rp(calc)
1 E+03 KN Rs(calc)
1.E+02 ‘ ‘ ‘
0.0001 0.001  0.01 0.1 1 10 100 1000
Frequency (MHz)

Fig. 1.2  Experimental results for resistance of a CdTe layer compared with

calculations
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CdTe - serial/parallel Capacitance

1.E-09 ¢
: ]
.
LY
__1E10 | e
S §
< .
L w
[}
S 1E11 | .
« i 0 ¢ Cp(meas)
i
§ % O Cs(meas)
©
O 1E12 L Cp(calc)
*e
i - -e- -Cs(calc)
1.E13 ‘ ‘ ‘ \

0.0001  0.001 0.01 0.1 1 10 100 1000
Frequency (MHz)

Fig.1.3  Measured and calculated capacitance for a CdTe layer

Figs. 1.2 and 1.3 show satisfactory fitting of experimental data and the dependencies calculated with
Egs. 1.1 — 1.4. In reality, the equivalent circuit of any polycrystalline sample should consist of
numerous blocks like that at Fig. 1.1 connected in parallel and in series. Good fitting shows that
using a single block model and “lumped” parameters is an acceptable procedure for these
measurements, and a single block may represent adequately a polycrystalline sample composed of a
lot of grains. The fitted results make it possible to extract lumped parameters, Rgs, Cgp and Rig
from the measurements. Incorporating more than one block yielded even better fits, which gives a
simple means for evaluating the range of distribution of these parameters. Very good fitting was
found when three blocks were incorporated with the same Cgp and Ry values while Rgp values for
the three blocks related to each other as 1:1.5:2. Since resistance of the GB depends exponentially
on the barrier height, it may be concluded that standard deviation of the latter from the average is
very small.

The same parameters, Rgg, Cgp and Rjg, can be provided by other frequency dependent
measurements, €.g., Re(Z) and Im(Z) or |Z| and phase angle ©®. Which measurement is preferred
depends on the relations between values of Rgp, Cgp and Ryg. A very helpful and attractive method
is measurement of Im(Z) as a function of Re(Z) which yields a graph that has a semicircle shape.
For the electrical circuit at Fig. 1.1, the maximum value of Im(Z) is equal to Rgp/2; intersection of
the graph with the Re(Z) axis at high frequency yields the R value, the angular frequency, ,, at
which maximum Im(Z) is observed, provides the Cgg value: Cap=(RgpxXo) "
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The impedance spectroscopy method was recently proved to be effective for studies of grain
boundaries in CdTe and CdS thin films on insulating substrates [1-4]. But it should be mentioned
that application of the method is limited to films with high resistance grain boundaries. As seen
from Egs. 1.1 and 1.2, an effective shunting of the resistor Rgg by the capacitor Cgp takes place
under condition: 0=(RgsCga®)” >1, that is when the characteristic frequency wes=(RgsCag)” is
smaller than the testing voltage frequency, .

Distributed capacitance in the grain bulk

In general, the real physical and hence electrical models should be more complex than those
considered above. For example, if the grain bulk contains deep traps, they contribute to the
measured capacitance due to their charging-discharging under an oscillating voltage (“oscillating
capacitance”). This “oscillating” capacitance is connected in parallel to the IG resistance and
may shunt it, leading to underestimation of Rjs and overestimation of the GB capacitance. Fig.
1.4 presents the electrical model for this case.

Rgs Rig
—\/\/\/\/\/—H‘\/\/\/\/\/—I_
—| [ [
11 11
CGB CIG

Fig. 1.4  Electrical model that includes capacitance of the intragrain material.

For most films we have studied so far Rig<<Rgg, and, according to our estimates, Cjg does not
significantly exceed Cgp. That means that at intermediate and low frequencies the total measured
impedance is dominated by grain boundaries. Only for frequencies above 10 MHz do we see small
deviations of the measured parameters from those calculated with equations 1.1-1.4 that might be
attributed to the influence of Cjg. This suggests that our pervious estimates of Rjg based on the
simple model (Fig. 1.1) may not be accurate. As to the GB parameters obtained by fitting
experimental and calculated data in the frequency range below 5-10 MHz, we believe they are
reliable. However we had to take the effect of IG capacitance into account when studying the
undoped CdTe films where the GB potential barriers were low, and the GB and IG resistances
where comparable.

Oscillating capacitance of GB

We have found [3, 4] that the measured film resistance and capacitance change when a DC
voltage is applied between the electrodes. As bias deviates from zero, capacitance increases and
tends to saturate, and then decreases as bias voltage increases further. Dependence on bias
weakens when the test signal frequency increases (see Fig. 1.5).

14
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Fig. 1.5 Effect of bias voltage on measured film resistance and capacitance.

The increase of the DC resistance was explained and modeled in Ref. 10 based on the idea that
under high bias the electrical charge trapped by the GB states and the GB potential barrier height
increase. This in turn should lead to an increase in the GB depletion width and reduce the
measured depletion capacitance. This effect was observed and discussed in [7, 8]. However a
significant increase was observed in the low-frequency range on Si bicrystals with applied bias
[11]. This effect was attributed to the carrier transfer between the grain and the GB traps which is
out of phase with the oscillating testing voltage. Thus the total AC current is a sum of grain-to-
grain and grain-to-GB currents. Accordingly, the electrical model of a grain boundary should be
modified (see Fig. 1.6). The out-of-phase grain-to-GB carrier transport can be modeled with a
capacitor Cr in series with a resistor Ry, which represents a finite probability for carriers incident
on the GB to be trapped. The product RtCi=t1=1/mr is the characteristic time of a trap
(reciprocal of the characteristic frequency wr) and is related to the emission rate. The in-phase
and out-of-phase grain-to-grain transport mechanisms are modeled respectively with a resistor
Rg.g and a capacitor Cgg. Capacitors Cr and Cg.g represent the oscillating and depletion
capacitances of the GB, respectively.
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Ric

Rt Cr

Fig. 1.6. Modified electrical model for the polycrystalline film. Rg.g and Cg.g relate to the grain
to-grain electrical transport, Rrand Cr to the grain-to-GB transport; Rjg represents
resistance of the intragrain material.

When fitting our AC measurements of CdTe films with this electrical model, it was found that
Rig is orders of magnitude smaller than Rg.g and Ry. In the frequency range of f<5MHz
variation in reasonable limits does not influence the fitting value of capacitance. If we neglect
Ry, the capacitance value measured in “p”mode is described by equation:

C,=Co.6+C1/[ 1+(R1Cr0)*]= Ca.6+Cr/[ 1 Hw/or)’] (1.5)

For the given Ry and Cr values, the contribution of the oscillating component to the total
measured capacitance decreases as the frequency increases, which allows us to separate Cg.g and
Cr. This result is in agreement with our experimental data and also consistent with observations
and discussion in [11,12]. The contribution of Cr also decreases with increase in Rt (decrease in
or). It was found that illumination of the sample diminishes Rt which makes the capacitance
dependence on bias voltage more pronounced and easier to measure.

1.1.2 Experimental. Technical Problems of Measurement.

Samples

The measured samples are semiconductor films on insulating substrates such as glass. The
sample impedance is measured in-plane with a two-electrode method. Parallel metal strips are
evaporated on the surface of the semiconductor film through the mask. To provide semi-ohmic
low-resistance contacts we evaporate gold on CdTe and aluminum on CdS. DC J-V
characteristics measured are linear, indicating ohmic contacts. On the surface of each sample we
normally evaporate six metal strips as discussed below.

LCR meters have limitations on the resistance of the tested sample. A Hewlett-Packard LCR
meter Model 4285 is capable to measure and display the results if the sample resistance (real part
of the impedance) does not exceed ~50 MQ. The DC sheet resistance of the CdTe and CdS films
we have measured varied in a wide range up to tens and hundreds GQ. With increasing
frequency the real part of impedance reduces (see Eqgs. 1.1 and 1.2) and becomes measurable
only at a higher frequency. This narrows the frequency range we can analyze and estimate the
film parameters (Rgg, Cgg, etc.). To decrease the sample resistance we use a geometry factor.
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The mask we use to evaporate metal electrodes provides the distance between them of 0.18mm,
while the sample width (the size perpendicular to the current direction) is usually of 20 mm. This
geometry reduced the sample resistance by more than two orders of magnitude as compared to
the square-shaped sample configuration. By depositing several strips on the semiconductor
surface, we produce several identical samples, e.g., five samples between six metal strips. When
connecting the samples in parallel, we decrease the resistance by a factor of five.

Parallel connection of the individual samples increases the capacitance to be measured. This is
an additional advantage of multiple metal strips. The single sample (between two neighboring
strips) capacitance is rather small, usually ~1 pF. For such a small capacitance to be measured,
the problem of parasitic capacitance and inductance becomes important. Even the “leads
zeroing” procedure provided by the LCR meter does not necessarily ensure exclusion of the
parasitic effects. The multi-strip geometry helped us to estimate possible inaccuracy due to the
parasitic elements in the measurement circuit. First, the capacitance was measured on all the
individual samples on the same film.es of strips. Then the same measurements were performed
on the samples connected in parallel. Based on individual capacitance values we calculated the
expected capacitance of two, three, four or five samples in parallel and compared these values
with the measured ones. Discrepancy was usually small, not higher than 5%. We consider this
result as verification of the small influence of parasitic reactant elements. Another way to
estimate parasitic effects was to measure the glass substrate with electrodes but without a
semiconductor film. It was found that the measured capacitance (imaginary part of admittance)
was two orders lower than that measured with the semiconductor film.

Measurements in dark and light

The sample to be characterized is positioned in a metal box whose internal and external surfaces
are coated with a black paint. The sample can be illuminated through a glass window in the top
cover of the box. We use a white light source for illumination and neutral density filters to vary
the light intensity. To provide dark-measurement conditions the box is thoroughly protected from
the room light with a multi-layer dense black cloth.

All the CdTe and CdS polycrystalline films manifest a significant photo-conductivity effect (see
Fig. 1.7). Even illumination with a light of 0.1 Sun intensity as in Fig. 1. 7 provides a 10-1000
fold decrease in measured resistance, depending on the GB resistance. Usually a significant
difference is also observed between resistances measured without using a light source but with
and without the black cloth. The measured capacitance is also sensitive to the illumination,
especially the bias dependent capacitance.

Another issue to be discussed is the kinetics of photo-response. After turning light on, a steady
state resistance value is achieved in a short time not exceeding one or several seconds. After
switching the light off, a rapid increase in resistance takes place initially, followed by very slow
restoration of the “dark™ resistance. This process is not a simple exponential decay. The
instantaneous relaxation time increases with real time of observation, so that we may wait for
hours or sometimes days for the total restoration of the dark resistance. Thus the real “dark”
conditions are not achievable in a reasonable time. It is beyond any doubt that thorough studies
of transient effects are of great interest themselves. These studies can shed light on some
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important properties of deep GB electron states. They also might clarify some light-induced
changes in defects accumulated at the GB region and their spatial distribution.
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Fig. 1.7 Comparison of the frequency dependencies of R, and Ry measured on CdTe film in
dark (without black cloth) and in light (0.1 Sun intensity). More than ten-fold
decrease in light is seen.

These transient effects are distinct for differently processed and stressed films, and make
interpretaion of dark measurements less reliable. In this report we confine ourselves to
measurements under controllable light conditions. It was found that the 0.1 Sun light intensity is
usually sufficient for these measurements. First, at this light intensity no long-term transient
effects in films were observed at room temperature. Then, the film resistance under these
conditions decreases, making AC measurements possible in the whole frequency range. Finally,
the sample heating by illumination is small, which is important when studying the GB resistance,
which depends exponentially on temperature due to the GB potential barriers.

1.1.3 Major results of the GB studies
Influence of processing procedure on the GB resistance

CdTe films on the glass substrates were prepared by B. McCandless at the Institute of Energy
Conversion (University of Delaware) with physical vapor deposition at a substrate temperature
of 325° C. Some films were treated with CdCl, and doped with S or Cu at the CSM facilities. AC
measurements of R, R, C,, and C; were performed with and without illumination.
Measurements at zero bias and fitting data with Eqgs. 1.1- 1.4 were used to obtain Rgp, Cgp, and
Ry values for each sample.

The Rgp value was orders of magnitude greater than the Ry for all films. The estimated potential

barrier height @, without illumination varied from 0.7 to 0.3 eV depending on post-deposition
treatment. The decrease in barrier height caused by illumination reached values of 0.15-0.2eV for
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some films. The CdCl, treatment lowered Rgg measured in light only. Sulfur diffusion lowered
the “in-light” Rgp value, but increased the “in-dark”. Finally, copper diffusion into CdTe films
was found to lower both “in-dark” and “in-light” Rgp values by more than two orders of
magnitude.

Space charge density in the GB region and density of GB states derived from the bias-dependent
capacitance

According to theory [11,12], the contribution of the oscillating capacitance is zero without an
application of bias. Thus capacitance measured at zero bias is equal to the depletion capacitance.
Based on the average grain size and film geometry and assuming the square-shaped grains of the
same size, we estimated the specific GB depletion capacitance Cg.g*, that is capacitance per unit
area of a single GB. Its value did not vary much with the varying post deposition treatment and
was in a range of around 5x107” F/cm®. The space charge density in the GB depletion region, pgs
was estimated from the Cg.g* value using the equation:

Pas=(8Puo/eto)(Ca-6*)’ (1.6)

where @y, is the zero-bias potential barrier height. The obtained value of p/e was in the range of
10"7-10"cm™. The Cg.g*, hence the pcs value might be overestimated by assuming such a
simple morphology of the films but the error could not be orders of magnitude. Thus one can
conclude that the space charge density in the GB region is much higher than the hole
concentration derived from the C-V measurements on the CdTe cells. This result is consistent
with the estimates obtained in Ref. 2. In the case of dominating compensation of acceptors by the
GB states, the negative space charge density in the GB proximity, should be close to the acceptor
concentration and can be much higher than the free hole concentration derived from the C-V
profile. However, one cannot exclude an enhanced doping density in the GB region due to
accumulation of dopant. Indeed, the estimated value of pgp for the Cu-doped films was several
times higher than that for the undoped films.

As shown in [11], measurements of bias-dependent oscillating capacitance Ct can provide an
estimate of the GB density of states. In [3, 4] we have presented a simplified analysis of the
problem limited to the case of a low bias applied to a single GB, namely, V*<®,,/2. For the
specific capacitance (per unit area of a single GB) we have obtained the equation:

Cr*={2Cq.6*(0)/[1+4Cq.6*(0)/e’Dr]} x tanh (V*/2kT) (1.7)

where V*=Vy;.sd/l, Viias 1s the bias voltage applied between probes, / is the inter-probe distance,
and d is an average grain size. The density of the GB traps, Dr, is assumed constant, because a
small V* effects both the trap occupation and Fermi level position with respect to the trap band
only slightly. Thus the measured capacitance increases with bias, until it reaches saturation at
V*>2kgT, thereafter it may slowly decrease due to the decreasing depletion capacitance. Using this
model, and allowing d and Dr to be fitting parameters, one can obtain information about average
grain size and GB density of states:

Dy = (4/e”)x B/(2-B)x Ca.6*(0); B= Cr™/Cq.6(0) (1.8)
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It was found that the measured Cr(Vyias) dependence fits the equation above for all the films
studied . Fig. 1.8 shows the experimental data for one of the CdTe thin films prepared with PVD.
The film thickness is 2.3 um and the distance between gold electrodes is 0.18 mm. To decrease
the sample resistance it was illuminated with white light of 0.125 Sun intensity.

The fit of experimental data was quite satisfactory. An average grain size, d, of 1.3 um, is in
agreement with the estimate based on AFM images. An estimated maximum bias voltage per
single GB is V*,,x<0.11V. That satisfied the condition of small bias voltage, V*<®y,/2, which
we used when deriving the equations. The estimated density of GB states, Dr, is about 3.5x10"
cm™ eV~ Since the bias applied is small, this value is approximately equal to the GB density of
states at the GB Fermi level for the unbiased GB. Similar measurements were made on other
PVD CdTe films and on the CdTe films lifted off from the TCO/CdS/CdTe structures prepared
by CSS at NREL. These samples were provided by Dr. L. Woods. The estimated Dt values
varied in the range of 10'* to 10" cm™eV™. For Cu-doped films it was higher than for the
undoped ones.

C2(Vbias) dependence
0.5
0.4 ./—L ® ]
S 0.3
o
S 0.2
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0 2 4 6 8 10 12 14 16
Bias voltage, V bias, volts

Fig. 1.8 Dependence of the GB “oscillating” capacitance on bias voltage between probes.
Here C, is equivalent to Crt, and Cjy to Cg.g(0) in Eq. (1.7). The sample is a PVD
CdTe thin film. Points represent the experimental data; solid line represents
calculations according Eqs. 1.7 and 1.8 with fitting parameters C1**/Cg.g(0) =0.41
and average grain size d=1.3 um.

1.1.4 Conclusions

- Impedance spectroscopy can provide a vast and important information on electronic
properties of grain boundaries in thin polycrystalline CdTe films if appropriate physical and
electrical models are used.

- The GB contribution to the in-plane film resistance can be separated from the contribution
of the grain bulk material. Analysis of the former, especially if combined with temperature
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dependence of their resistance allows estimates of the potential barrier height and
dominating grain-to-grain carrier transport mechanism.

- Along with the GB resistance, IS provides estimates of the specific GB capacitance. In this
way the space charge density (SCD) in the vicinity of GB can be estimated. Our results
show that it exceeds the SCD value estimated with the C-V profiling of cells by orders of
magnitude.

- Studies of the bias-dependent “oscillation” capacitance provide information on density of
the GB electronic states in the vicinity of Fermi level.

- IS measurements under illumination of varying intensity and its kinetics can help to
understand mechanism of the GB states recharging by light and their influence on photo-
electric properties of a cell, particularly on the effective lifetime of photo-generated carriers.

1.2 Hall Effect in Thin CdTe Polycrystalline Films

As shown in Sec. 1.1, polycrystalline CdTe films in the cells demonstrate a fine-granular
structure (grain size of ~1 um) and high density of deep GB electronic states (up to 10" em™
[3]). An important effect of GB states is trapping of the majority carriers (holes). The resulting
GB potential barrier for holes provides high resistance for grain-to-grain transport. Recent
studies showed that the barrier height in CdTe films extracted from a cell could be as high as 0.8
eV [2]. Besides the straightforward impact of GB on the CdTe electronic properties, hence the
cell performance, their influence should also be taken into account when characterizing
properties of grain bulk, in particular carrier concentration and mobility derived from Hall
measurements [13].

In this section we present combined studies of Hall effect and of impedance spectroscopy (IS)
under varying illumination in thin CdTe polycrystalline films. The IS allows one to separate and
estimate individual contributions of GB and bulk (B) material to the film in-plane resistance.
[llumination of films can significantly reduce the GB resistance (see Sec. 1.1). We have used
this effect to exclude the influence of high resistive grain boundaries, and to estimate the real
hole concentration and mobility in the doped p-type films where IS revealed a significant
contribution of GB to the film resistance. In the undoped films with small hole concentration and
negligible GB resistance, the light-dependent Hall measurements were used to estimate the
concentration of the photogenerated electrons, along with their mobility and lifetime.

1.2.1 Experimental details

CdTe films with thickness of ~3um were deposited on soda lime glass using the First Solar
proprietary vapor transport deposition method. After deposition, some films were doped with Cu
using the standard First Solar procedure. After this anneal, typical grain sizes are 1-2 um. Due
to high diffusivity of Cu in CdTe [14], the resulting Cu distribution is estimated to be almost
uniform throughout the film thickness. Doping with Cu has significantly changed the electrical
properties of the CdTe films. For example, Hall concentration of holes, py, in these films
exceeds 10" cm™ and Hall mobility, iy, is of the order of several units of cm?/Vs. In the
undoped films, however, 191L1~109-1010cm'3 and 1;~20-50 cm?/Vs.
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Gold electrical contacts, ~ 80nm thick, were evaporated on the surface of CdTe. Two different
contact arrangements were used: one a standard van der Pauw geometry of contacts on the
corners of a square-shaped sample for Hall measurements and the second a series of parallel
strips with 0.2 mm spacing between them for IS measurements (see Sec. 1.1). Measurements
between different pairs of strips were used to check electrical uniformity of a film in plane and
also to exclude contribution of possible parasitic effects.

Hall measurements were performed using a Bio Rad HL5500 Hall effect measurement system.
IS measurements were done with the equipment and procedures described in Section 1.1.

[lumination of samples during IS and Hall measurements was performed using a light source
simulating the solar spectrum, fed through a fiber optic bundle. The intensity of illumination was
controlled using various gray filters and their combinations, and measured using a Newport
power meter (model 1815-C) with a silicon detector. The intensity of light did not exceed
2mW/cm®. All measurements were done at room temperature. To avoid overheating of the fiber
optic bundle we have used the SnO,:F/Glass filters that cut off the IR irradiation with
wavelengths higher than ~1400 nm.

1.2.2 Measurements and discussion

Doped Films

Before measuring the Hall concentration and mobility under varying illumination, the doped
films were characterized with IS under the same light intensities. The light intensities were
chosen to provide significant reducing Rgg, while being low enough to exclude the influence of
photogenerated carriers in the grain bulk. Table 1.1 presents data for one of these films.

Table 1.1 Parameters measured and calculated for the CdTe:Cu film at different light intensities

RGB/RB PH, Cl’l’l-3 Uu, sz/VS Peales Cm-S Mcalc-» sz/ Vs
2.3x10° 2.3x10° 5.5 3.0x10" 110
3.1x10? 1.2x10™ 7.1 2.3x10" 142
2.0x10° 2.9x10™ 5.3 3.1x10" 115
1.7x10° 3.1x10™ 7.3 2.9x10" 145
Average ~2.8x10" 128

The first column shows the ratio of the GB and bulk resistances measured at different light
intensities. The next two columns present data on measured Hall concentrations and mobilities.
The concentration and mobility in the grain bulk presented in the last two columns were
calculated based on the experimental data, using the procedure described below.

The analysis here is based on the model (Fig.1.9) and equations presented in Ref. 13, and is
aimed at interpretation of the photo-Hall effect in polycrystalline films.
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Fig. 1.9  Block diagram of a polycrystalline film with regularly arranged square shaped grains
separated by GB regions of high resistivity. (a) Spatial arrangement of identical
grains and grain boundaries. b) Spatial distribution of resistivity of grains (pg) and
GB regions (pgs).

If the same mobility is assumed in the grain bulk and in the GB region, the theory developed in
[13] contains two parameters of theory: Lgs/Lp and pge/ps (see Fig.1.9). We have replaced the
second parameter by the ratio Rgp/Rp, which is measured using IS. Thus, there is only one
adjustable parameter remaining, Lgg/Lg. With this modification, the equations for the Hall
concentration and mobility from [13] transform to:

Py (B InA+B+B+ 5y

= 1.9
by Ut B+ B+ DA+ B I+ B+ B (19

My 2 -1 B Blyd+p)
A =0(1 1 / 1 1.10
PRELERAL +(l+ﬂ)[+(1/7+l)(l+ﬂ2/7)j (1-19)

where pp and up are the hole concentration and mobility in bulk material, py and gy are the same
quantities obtained by Hall measurements; Y= Rggp/Rg, and B = Lgp/Lg. Figure 1.10 shows that
for high grain-boundary resistance, the Hall concentration can be much smaller than the real
concentration in the bulk. The Hall mobility also reduces as 7y increases, and its dependence
saturates at the level determined by the Lgp/Lp ratio.

The best fitting of the experimental dependence of py/ps on Rgs/Rg was obtained for Lgp/Lp
=~(.05. While the measured Hall concentration varies by more than the order of magnitude, the
estimated pp value is almost the same at all light intensities and is higher than any measured Hall
concentration value (see Table 1.1, columns 2 and 4). The estimated bulk mobility is presented
in the last column of the table. The reported hole mobility in single crystal CdTe [15] is lower
by 40-50%, but is still 10-12 times higher than the measured Hall mobility.
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Fig. 1.10 Dependence of Hall concentration and mobility on the GB region resistance and size.
Solid curves are py/pp, dashed are py/up, black indicates Lgp/Lg = 0.05, and gray
Lgp/Ls = 0.005.

Undoped Films

The Hall coefficient measured in dark on undoped films is positive, and the hole concentration is
below 10'%m™, but greater than 10°cm™, while the measured hole mobility is ~50cm?®/Vs. This
high mobility is consistent with the results of IS which did not reveal considerable resistance of
the GB. The high density of GB states [3] causes depletion of the GB bulk (low carrier
concentration), accompanied with reduced GB barriers. The influence of light on the Hall effect
in undoped films is dramatically different from that in the doped ones. Even for a very low
illumination intensity ~5uW/cm2, the Hall coefficient, Ry, becomes negative, indicating a
significant contribution of photogenerated electrons. With increasing illumination intensity (up
to 1 mW), the magnitude of the Hall coefficient increases, then passes a maximum and decreases
again. The Hall mobility increases monotonically up to py ~ 300 cm?/Vs with illumination. For
data analysis, the equations for the mixed electron-hole conductance were used:

A > —np;
RH:_HM- p=p,+n (1.11)

e (pu,+np,)’’

pi, —niL,
pu, +ni,

U, = A, : (1.12)

where p, n, 1, and 4, are the hole and electron concentrations and mobilities respectively, and p,
is the hole concentration in dark. Since the measured values of p, >10° cm™, the equilibrium
electron concentration is negligibly small in CdTe at room temperature. The Hall factor Ay,
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being close to 1, was neglected in the calculations. Figure 1.11 presents experimental values of
pr and uy for the film with dark hole concentration p, = 4.5x10° cm™ and dark Hall mobility ty
= 47 c¢m?/Vs as a function of n/ p,, (of light intensity). Calculations (solid curves) were made
with 4, =280 cm*/Vs which provided the best fitting. This mobility value is somewhat lower
than the highest values reported for the CdTe single crystals of ~1000 cm?® /Vs. It does not seem
surprising because the density of defects that scatter electrons in the polycrystalline films are
expected to be higher than in single crystals. It is more surprising that the difference is rather
small for holes.

We have used the relationship between the non-equilibrium carrier concentration values obtained
as described above and the light intensity to estimate the effective lifetime of electrons. Based on
the power distribution over the photon energies in solar spectrum, we estimated the flux of
incident photons of energy exceeding the CdTe band gap. Then, assuming the quantum
efficiency of 100%, we calculated the photogeneration rate, G, (cm’s)". With the simplifying
assumption of uniform distribution of the photogenerated electrons over the film thickness ¢, we
calculated lifetime as 7 = (n/G)t . With a small spread it turned out: 7 =8x10~"s . Probably the

lifetime is somewhat underestimated if to take into account the simplifying assumptions made,
like 100% quantum efficiency and uniform distribution of the photogenerated carriers.
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Fig.1.11. Dependence of Hall concentration and mobility on concentration of photogenerated
electrons. The black line is the calculated ratio Ry/Rp,, and gray line is tg/ tio.
Black filled points are measured 4/, and gray filled Rpy/Ry,. Light power (per
cm?) is as follows: asterisks = 1.6mW, diamond = 0.6mW, triangle = 58uW, circle =
6.7uW, square = ~3uW.

25



1.2.3 Conclusions

- Combined Hall and impedance spectroscopy (IS) measurements under varying illumination
(photo-Hall and photo-IS) provide an opportunity to evaluate the real carrier concentration
and mobility in the p-type CdTe films with the high resistance grain boundaries.

- In films with moderate hole concentration, e.g., ~ 10" cm'3, the electron lifetime can be
estimated from measurements of this kind at light intensities of ~ 20 mW/cm?.
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2. BASIC ELECTRONIC PROPERTIES OF THIN FILM TRANSPARENT
CONDUCTIVE OXIDES

2.1 Introduction

Transparent conductive oxides (TCO) have numerous technical applications, in particular as the
front contact layers in thin film solar cells. For the latter, the most widely used TCO’s include tin
oxide doped with fluorine and antimony, the tin doped indium oxide (ITO) and zinc oxide
usually doped with aluminum. In addition to binary compounds, ternary compounds with very
promising properties have been developed, such as cadmium stannate and zinc stannate, but their
thin films have not yet been used widely. To improve the properties of existing and new TCOs, it
is important to put the topic on a solid scientific basis by obtaining detailed information about the
electronic properties of thin films, as well as about the effect of substrates (glass, polymer, other
semiconductors etc.), film structure, morphology etc. This information, and its theoretical
analysis, will enable an estimate to be made of the limiting mobility and of the achievable figure-
of-merit for practical TCOs. The approach requires a variety of methods and tools for
characterization of the fabricated samples as well as solid scientific grounds for interpretation
and theoretical analysis of the data. This section presents our studies in this area.

In the figure of merit of TCOs that is commonly used, transparency is weighted much higher
than low sheet resistance [16], hence the range of the free carrier concentration, n, is defined by

transparency. Free carrier absorption becomes a serious problem at n ~10*'c¢m™. Through
extrinsic doping, the carrier concentration in commercially available and newly developed TCOs
approaches this level. It is not practical to increase the carrier concentration further. Thus, the
only possible way to decrease sheet resistance is to improve carrier mobility.

Mobility in single crystals is defined by fundamental electronic parameters, such as the effective
mass of free carriers, the dominating scattering mechanism, types and density of scatterers, etc.
The major goals of our research are to modify and develop novel methods and apply them to
study basic electronic properties of TCO thin films relevant to mobility, clarify the factors that
determine sheet resistance in polycrystalline films and try to estimate the theoretical limit for
mobility. The methods we use are based on measurements and analysis of electron transport
phenomena both in stationary external fields and in high-frequency electromagnetic field (optical
characterization). The results of studies presented in this section relate to SnO,:F and ZnO:Al
thin films.

2.2 Electron Parameters to be Determined: their Influence on the TCO Figure-of-Merit.
2.2.1 Band model, the effective mass tensor, and density of states.

Along with the bandgap that defines the short-wavelength transmission limit of the material,
other details of the band structure are necessary to determine the achievable figure-of-merit. In
general, we need to know the dependence of the carrier energy on its wave vector, k, in the
conduction band. In particular, we are interested in the shape of the constant-energy surfaces in
k-space and the effective mass value, which are equivalent to the dependence E(k). We will limit
the discussion to 1) isotropic, spherically-shaped surfaces, ii) single-ellipsoid surfaces, and 1iii)
multi-ellipsoid surfaces. By way of example, we shall consider the conduction band of silicon.
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In general, the reciprocal effective mass is a second rank tensor that reduces to a scalar quantity
for a spherical band. For a single-ellipsoid model, it is characterized by three values of effective
mass, m; (i=1, 2, 3), each corresponding to one of the principal axes of the ellipsoid. In the case
of the ellipsoid of revolution, we have only two independent values of the effective mass: m o*
related to the direction of the revolution axis, and m_* related to the perpendicular axis. In the n-
Si-like band model we have 6 equivalent ellipsoids located in k-space on the <100>-type axes
which are the axes of revolution.

Together with the relaxation time, 7, which is to the first approximation the inverse of the
collision (scattering) frequency, effective mass determines mobility. The smaller the effective
mass, the higher the mobility. For the isotropic band, the carrier mobility is determined by the
equation

PC) @.1)
m

in which (7(E)) symbolizes averaging 7 over the conduction band weighted for a parabolic
band by E** (gp—gj where fy(E) is the Fermi-Dirac distribution function. A highly degenerate

electron gas, such as a typical TCO, has (E, - E.)/k,T >>1. Er is Fermi energy, E. is the
energy of the minimum in the conduction band, and kg is the Boltzmann constant. In such

9
materials (%} differs from zero only in the vicinity of Fermi level, hence only the carriers

with energies close to Fermi level contribute to electron transport. The properties of these
carriers determine the magnitude of the mobility and the other transport coefficients. Thus for an
isotropic band, mobility is given by

p=et(E)m (E). (2.2)

Subsequently, we shall presume high degeneracy, and omit the reference to the Fermi level. For
an isotropic relaxation time the only reason for the mobility to be anisotropic is anisotropy of the
effective mass. For a single ellipsoidal band, the mobility may be expressed as

et
== (2.3)

m,

in which the subscript refers to the three principal ellipsoid axes. In polycrystalline material, with
randomly oriented crystallites, averaging spatially leads to an isotropic mobility, given by

I 31

i=lm;
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For crystals of cubic symmetry with multi-valley band, such as n-Si or n-Ge, the mobility is
isotropic and may be described by

,u:ez'/mj. (2.5)

m_ is the conductivity effective mass and is determined by

1 1(1 2
—~ =3 (— +—*] : (2.6)
m, 3\m  my

The factor of 2 inside the parentheses arises because there is rotational symmetry of the ellipsoid
in k-space. The conductivity effective mass influences the plasma frequency and, hence, the
long-wave limit of transparency of the TCO. The plasma frequency is given by

2 /2
wf( eN) , 2.7)

m_E_E,

where N is the carrier concentration, &, is the free space dielectric constant, and &_ is the high

frequency dielectric permittivity of the material.
The density-of-states (DOS) function, D(E) is an important characteristic of a material that

also depends on effective mass. For a parabolic band spectrum (Eak’)

4 (2m);)*"?
3

D(E) = E'? (2.8)

Here m,, is the density-of-states (DOS) effective mass, which is a combination of the effective

mass components. For the cases of an isotropic spectrum, a single ellipsoid band and a multi-
ellipsoidal band, the DOS effective mass is given by equations (2.9) a), b) and c), respectively.

* *

my;=m a)
my = (mmym;)'">  b) (2.9)
mg =N (mmym3)"  c)
where N is the number of the equivalent ellipsoids, e.g., N=6 for n-Si. It is seen that m, can

differ significantly from m_, especially for the multi-ellipsoid model. Comparison of these two

values, which may be obtained experimentally, can provide information about the band structure
and, in particular, whether it is single- or multi-valley. It can also reveal information about the
anisotropy of the constant-energy ellipsoids i.e. about the ratio S =m/m, .
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In turn, the DOS function, hence the effective mass, determines the Fermi level for a specific

carrier concentration:
2/3 2
Er =(3—NJ h - (2.10)
8 2my,

The change in the position of the Fermi level as a function of carrier concentration, relative to the
conduction band minimum, leads to the Burstein-Moss shift [17], which defines the short-wave
limit for transparency.

Neglecting the difference between the m,* and m * values can impact estimates of the achievable
figure of merit. One must remember that expressions for mobility and plasma frequency include
m.*, while expressions for Er and hence for the Burstein-Moss shift include m,*.

2.2.2 Carrier scattering, relaxation time, scattering parameter

Carrier scattering leads to a finite mobility value. The higher the scattering (collision) frequency,
hence the lower the relaxation time, the lower the mobility. A high scattering rate causes a less
sharp the plasma reflection edge, thus worsening the transparency spectrum. It also affects
absorption by free carriers. Carriers are scattered by phonons, point defects, like vacancies,
interstitials, impurity atoms and ions, etc., by dislocations, and by two-dimensional defects like
small angle boundaries (dislocation walls) or grain boundaries in a very fine granular structures.
While the effective mass is considered an intrinsic parameter of a material that depends on its
composition, the relaxation time is much influenced by the crystal quality that depends on
structural imperfections, hence on the film preparation technique.

Relaxation time depends on the carrier energy (this dependence is different for different

scattering mechanisms). In the case of semi-elastic scattering, dependence of scattering
frequency on energy can be presented in the form:

77 (E) o< W(E)D(E) (2.11)
where D(E) is the DOS function and W(E) is the square matrix element of the electron
scattering giving the probability of transition from one quantum state to another of the same

energy. For the most commonly discussed scattering mechanisms, theory shows that, in a
parabolic band, W(E) is a power function of energy and is commonly represented as

W(E)e< E™" (2.12)
In a parabolic band, the density of states is given by
D(E) < E"? (2.13)

which means that
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taE™"? re< g2 (2.14)

The quantity » is known as the scattering parameter and it is different for each scattering
mechanism, varying from =0 for acoustic phonon scattering, to =2 for ionized impurity
scattering. This kind of dependence, with a fixed value of the scattering parameter, takes place
only if the same scattering mechanism dominates over the entire energy range. In reality, several
scattering mechanisms may occur simultaneously. The total scattering frequency is the sum of
the individual frequencies due to each of the scattering mechanisms, which may be expressed as

w=7'=)1 (2.15)

The dependence of relaxation time on energy can be more complicated when a wide range of
energies is being considered. Fortunately, in the case of high degeneracy (the only practical case
for TCOs), only a narrow range of energy around £, is of interest. In this case W(E) can be
approximated by a power function

w(E)=W(E)x(El E.)" (2.16)

The scattering parameter in this case is defined as

dIn 1) (2.17)

1
() (dlnE e 2
Along with the concentration and temperature dependencies of mobility, knowledge of the
scattering parameter value is important for identifying the dominant scattering mechanism(s). It
is also to be noted that the relaxation time depends on the effective mass because of its inverse
dependence on the density of states. In heavily doped (degenerate) TCOs, scattering by impurity
ions is sometimes the dominant scattering mechanism. In this case, for materials that have the
same carrier concentration, the density of impurity ions, and the dielectric permittivity, there can
be a difference in mobility due to different effective masses, 7o 1/m*, thus pe< 1/m*?.

2.2.3 Influence of non-parabolicity

The dependence E(k) is parabolic only in the immediate vicinity of the conduction band
minimum. As energy increases, the dependence deviates from parabolic and the only question is
at what energy the deviation becomes sufficiently important to influence the properties of
electrons of interest. The most obvious indication of non-parabolicity is the increase of measured
effective mass with energy (with Fermi level or carrier concentration in degenerate
semiconductors). In narrow-gap and direct-gap semiconductors, such as InSb, (Hg,Cd)Te, PbSe,
(Pb,Sn)Te, non-parabolicity significantly affects electronic transport properties at Fermi levels of
Er ~ 0.1eV, or even lower. For wide-gap semiconductors, such as TCOs, non-parabolicity has
not been much investigated but for heavily doped ZnO, CdO, and zinc stannate it has been
established that there is a progressive increase of the density-of-states effective mass with carrier
concentration [ 18-20].

31



To analyze the influence of non-parabolicity, we consider the theory of electron transport
developed in [21, 22] for the rather general, multi-ellipsoid, non-parabolic band model. The
equations for the transport coefficients are based on solutions of the Boltzmann equation and the
relaxation time approximation. In [21, 22] the energy dependence on wave vector in the principal
ellipsoid axes (1, 2, 3) is described by the equation:

2 2 2 2 2 3
h_[kl N kz* N k3* }:y(E)zE(l+g+£2+£3+ ........ j (2.18)

*
2 my, my  my,

where m;, (i=1, 2, 3) are the effective mass components at the bottom of the band (E=0), E) is
an arbitrary function of energy (dy/dE > 0), which may be represented as a power series in

energy with coefficients given by E;, E,°, E5’, etc. The latter have dimensions of energy raised to
the same power as their energy term in each numerator. The values of E;, E», E3, etc., determine
the deviation of the spectrum from parabolic for each energy E. If E<<E,, E,, E;, etc., the

equation reduces to that of a parabolic band. We will refer to first order non-parabolicity as the
case when

E
7(E)zE(l+Ej (2.19)

in the energy range of interest, while the terms of higher power in energy can be neglected.

For the non-parabolic spectrum, the equations for the effective masses, density of states function
and carrier concentration are

* * d
m; (E)= miod_g' a)
m (E)=m, ay b) (2.20)
LT '
. . d
m(E)=my =L o)
471'(2171* )3/2 2 dy
D E — do E _7 221
() === —[rB)] " - @21)
s V2
2m
N = %g_hd}oL [V(EF )j’z (high degeneracy) (2.22)

It is seen that the effective mass increases with energy since dy/dE >0. The density of states

grows more rapidly with energy and Fermi level increases slower with the carrier concentration
than in a parabolic band.
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Non-parabolicity changes the relaxation time dependence on energy. One of the reasons is the
change in the D(E) dependence. The scattering matrix element is preserved in [22] with the

same dependence as in the parabolic case, W(E) o< (k2 )_r , with the same values of the scattering

parameter » for each particular scattering mechanism. Thus, based on equation (2.21), one
obtains for the non-parabolic spectrum

o [W(E)D(E)]" o y"“(%j_l (2.23)

instead of 7 o< E"™* for the parabolic band.

The above analysis shows that we need to know the real dependence, E(k), when trying to
estimate the limiting value of mobility, t;,, for heavily doped TCOs. Using, for example, the
effective mass obtained from a sample of a not-too-high carrier concentration, one can
overestimate L, for a material with a more practical carrier concentration. The same is true for
the plasma frequency and the Burstein-Moss shift. Analysis of the transport phenomena, aimed
at establishing the dominant scattering mechanism, can lead to the wrong conclusions if
parabolic theory is applied to a material while the spectrum is actually non-parabolic.

2.3 Formulation of Experimental Methods
2.3.1 Method of four coefficients (electron transport in stationary external fields).

The method discussed in this section is aimed at the determination of mobility, the DOS effective
mass, m;, and the scattering parameter, r. It is based on the simultaneous measurements of four

transport coefficients: electrical resistivity, p, the Hall, Seebeck, and Nernst-Ettingshausen
coefficients, Ry, ¢, and Q, respectively (p and o at B=0, and Ry and Q in a weak magnetic field).
The method does not require fulfilling the condition of strong magnetic field (uB>>1) as some
powerful methods for the band structure studies do (e.g. cyclotron resonance, Shubnikov-de
Haas and de Haas- van Alphen effects). This is a significant advantage for TCOs that typically
have small mobilities and do not meet this condition (u < 100 cm® V™' s, and 4 B <0.01 for B =
1 Tesla). Measurements in a wide range of carrier concentration/Fermi level position provide
detection of non-parabolicity and establishment of real dependence of the electron energy on the
wave vector, E(k).

The method was first proposed and applied to studies of n-PbTe in [23] and then used widely for
studying a variety of semiconductors and semimetals, in both bulk and thin film form, see, e.g.,
[24, 25]. In 1995 joint studies by Dr. T. Coutts (NREL) and Dr. V. Kaydanov (CSM) were
started, aimed at applying the method to investigation of TCO materials. It is hard to
overestimate the contribution of W. Mulligan and D. Young to these studies. Both were CSM
Ph.D. students advised by T. Coutts and V. Kaydanov. Dr. Mulligan created the first system that
provided measurements of the four coefficients in typical TCO thin films and performed
preliminary experiments on cadmium stannate [27]. Dr. Young has developed new, more perfect
and sophisticated measurement equipment and performed systematic comparative studies of a
variety of TCO thin polycrystalline film materials [18, 19, 20, 28].
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Hall effect measurements provide the carrier concentration. In a weak magnetic field (¢ B << 1),
R, = A.[qN, (2.24)

where g =—e for electrons and g =e for holes. The Hall factor, A¢, which is isotropic for
spherical and single-ellipsoid constant-energy surfaces, is very close to 1 in the case of high
degeneracy. For a multi-ellipsoid band in cubic crystals (like n-Si and n-Ge) it is also isotropic
but its value depends on the anisotropy of the ellipsoids. It is given by

_3B(B+2)
A= B+ 1)2 ) (2.25)
where
B=20 (2.26)
m,

This brings some uncertainty in the determination of A, but fortunately not too high. For
example, 4z=0.96 for =2, and Az=0.82 for 5=10.

Combined measurements of p and Ry provide an estimate of the mobility. The so-called Hall
mobility differs from the real drift mobility by the Hall factor, 4:

My =|R|/ p=Aput (2.27)

Combined measurement of Hall coefficient (carrier concentration) and Seebeck coefficient
(thermopower) is one of the oldest methods used to estimate the effective mass in
semiconductors. For a parabolic band and high degeneracy, the Seebeck coefficient is given by

5/3 ;2 *
T kT m
o= 87{?} q‘;l = (r+1) N;j3 (2.28)

Equation (2. 28) contains one more quantity to be determined, namely the scattering parameter,
r. Using this equation without knowledge of the value of the scattering parameter, can lead to a
rather inaccurate estimate of m,,. For example, if one assumes that the dominant scattering
mechanism is due to acoustic phonons, for which =0, one will obtain a value of m; three times
greater than that obtained if one assumes ionized impurity scattering, for which »=2.

The problem can be solved by measuring the resistivity and the transverse Nernst-Ettingshausen
(N-E) coefficient along with the Hall and Seebeck coefficients. The thermo-magnetic N-E effect
is defined by the equation [26]:

dT
E =-0—B. 2.29
=08 (229)
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For a parabolic band and with high degeneracy of the carrier gas, the N-E coefficient can be
described by

-1/2
0 =lodu, - / (2.30)
r+1
Combining Egs. (2.28) and (2.30), one obtains
2/3 2
my(Egp)= — 2.31
and
EN I )
2 |a|luH - 2

Thus, by measuring the four transport coefficients, one can determine both the DOS effective
mass and scattering parameter. In the non-parabolic case equations (2.28) and (2.30) transform

to
5/3
kil
QZSE(E) T L mie+1-2), (233)
and
Cr+l-A £y
where
d*y d;/) N dm,
ME)=2y(E — 2.35
(E)=2y( ) (dE = AN (2.35)

It is easy to show that m, can be calculated from the measured data using the same equation
(2.31) as in the parabolic case. The scattering parameter is now defined as

3 0 j L A 2.36
(me N (236

To realize all the advantages offered by this method, we must have heavily doped samples of a
material in a wide range of carrier concentrations/Fermi level positions. Based on measurements

of the four transport coefficients, we are able to obtain the dependence m:, =f(N). If
m:, (N) = const , the deviations from parabolicity are negligible in this range of N and Ef, and, in

subsequent analysis, we may reasonably use parabolic band theory. A substantial increase in m,
with carrier concentration indicates the need to use the more general non-parabolic band theory.

Using the experimental dependence m:, = f(N), with equations (2.20) — (2.22), we can
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reconstruct the function y(E) and, hence, E(k). The scattering parameter data enable us to

identify the dominant scattering mechanism and to monitor its changes as a function of carrier
concentration.

It should be mentioned here that the empirically established correlation between Seebeck
coefficient, «, and carrier concentration can be used to map the carrier concentration
distribution over the sample area of a thin film. Measurement of the local Seebeck coefficient, at
various positions on the surface, by relocating the thermoprobe, is a non-destructive and simple
method that may be applied to films of an arbitrary size and shape.

2.3.2 Optical characterization (ultra-high frequency electron transport).

The high electrical conductivity in metals and heavily doped semiconductors, and its dependence
on frequency, significantly influences the optical properties of these materials and, in particular,
the transmittance and reflectance spectra. The electrical conductivity is a complex value and
depends on frequency of the electric field. It is given by

o(w) = l—aioa) - 2.37)

where 0, 1s the stationary (DC) conductivity, which is defined as
o, =¢’Ngm’ (2.38)

The real and imaginary parts of the dielectric permittivity are described by equations:

2
a
Ree=¢&=n"-k = gm(l _Tp_zj : (2.39)
0 -,
and
([ Do, )
Ime= ¢ =2nk= a{—z% J : (2.40)
a)(a) +w,

. 1s the "high-
frequency" dielectric permittivity due to the bound electrons. Two characteristic frequencies: @,
and @, are totally defined by the free carriers. The plasma frequency, @, is related to the carrier
concentration and conductivity effective mass by equation (2.7). The collision frequency, @., is

n and k are the refractive index and extinction coefficient, respectively, &

the reciprocal of the relaxation time, @.=1/7.

When the frequency of an electromagnetic wave, ®, decreases approaching @), reflectance and
transmittance of the material change dramatically. If @.<<a),, then, to a first approximation,

e=~e'=¢ (- 0)w’) (2.41)
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When & is real and negative (@ <@),), the solutions to the wave equation decay exponentially in
the material; i.e. no radiation can propagate. Thus at @ = @,, a sharp increase in reflectivity,
known as the "plasma reflectivity edge", should be observed. For real conductors, /@), is
usually not so small, therefore reflectance does not change so rapidly when the frequency
approaches @,. The analysis of the measured optical spectra (by, for example, spectrophotometry
or ellipsometry) allows the plasma and collision frequencies to be determined.

Based on the plasma frequency and Hall carrier concentration data, it is possible to calculate the
conductivity effective mass, m_, using Eq. 2.7. Comparison of m_ with m,, (see Egs. 2.6 and 2.9)
provides guidance about the shape of the constant-energy surfaces, and, in particular, enables a
distinguishing between the single-valley and multi-valley models. For a single-ellipsoid model
this comparison enables an approximate estimation of the deviation from the spherical shape. In

principle, measuring dependence m,(N) provides establishing of non-parabolicity and
reconstruction of y(E)and E(k) dependencies in the same way as m,(N). The coincidence of

the results obtained from Hall and optical measurements could be considered as evidence of their
reliability. This is important because each of the methods used has its own sources of errors, both
technical (like non-accurate measurements, not-too-high uniformity of the samples) and
theoretical (validity of the theories behind the methods).

The empirically established dependence @, (N) for a particular material provides an alternative

to the Hall effect method for measuring carrier concentration and its uniformity over the thin
film area. Multi-angle spectroscopic ellipsometry, with appropriate modeling of the raw data,

provides a unique option to test the uniformity of N and u (via @, and @) over the film thickness
[29, 30].

Based on the m, and @, data, derived from the optical characterization, one can calculate the
optical mobility, defined as

e
Hop = =% (2.42)
m

which is not necessarily the same as the Hall mobility. Comparison of the two provides guidance
about contribution of the grain boundaries to the measured DC sheet resistance and bulk
resistivity.

2.3.3 Evaluation of the grain boundary contribution to the film sheet resistance.

A significant difference is usually observed between resistivity measured on a single crystal and
thin film polycrystalline samples of the same semiconductor with the same carrier concentration.
This difference is commonly attributed to the influence of grain boundaries and treated in terms
of “GB scattering”. This terminology is not always correct and sometimes can be misleading.
Indeed, GBs disturb the translation symmetry of the crystal and inevitably cause the free carrier
scattering. But the GB scattering coexists with scattering by phonons, point defects, dislocations,
etc. The total scattering rate is the sum of the particular ones. The contribution of GB scattering
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is significant only if the grain size, d, is comparable to the mean free path, /, due to all the
scattering mechanisms. In typical polycrystalline thin TCO films the / value estimated based on
the mobility and carrier concentration is rather small: / <100A, while d > 1000A.

Thus, we have to use a different approach to the problem. We must regard a TCO polycrystalline
film as having two phases. One of these is the material inside the grains (bulk material), and the
other is that at grain boundaries. The equivalent electrical circuit of the sample can be
constructed as a series connection of resistors, R, and R_,, representing bulk material and grain
boundaries, respectively. When measuring the DC resistance of the film, we obtain the sum of
these two types of resistors. Thus the measured bulk resistivity, p, relates to the real resistivity in
the grain bulk, pg, as

P :pB(l + RGB/RB)' (2.43)

The Rgp/Rgp ratio can be estimated based on comparison of the optical and Hall mobilities.
Scattering in the grain bulk dominates the collision frequency, @, , if the grain size, d, is much
greater than the mean free path, /, which is the case for TCOs. Thus the optical mobility defined
by Eq. (2.42) is close to the real drift mobility in the grain bulk. The Hall mobility is determined
by the Hall coefficient and DC resistivity measurements: (,, = R,, / p . Hence the measured Hall
mobility due to the influence of GB can differ significantly from the real mobility in the grain
bulk. Supposing the Hall factor Ay=1 and using Eqgs. (2.42) and (2.43), we obtain the equation
that enables estimation of the GB contribution to the resistivity:

R
on _ Hom 4 (2.44)

Ry uy

One may expect that in the heavily doped semiconductors, such as TCOs, the effect of grain
boundaries on sheet resistance should not be too pronounced. The electrical charge located at
grain boundaries, due to trapping of majority carriers by the GB electron states, creates a
potential barrier for majority carriers. With increasing doping level, the amount of the trapped
charge also increases, as does the height of the potential barrier. With the further increase in
doping level, eventually all the grain boundary states are filled with trapped carriers and the
charge cannot increase any more. However the space charge density in the depletion region
continues to increase causing a reduction in the height and width of the potential barrier,
allowing tunneling. Moreover, for a very high doping level, the potential barrier is well below
the Fermi level and the electrons pass over the barrier without being remarkably perturbed by it
[31, 32].

It should also be mentioned here that the other method for studying electrical properties of the
GB described in Sec.l, namely Impedance Spectroscopy, is not applicable to the high
conductivity TCO films. The limitation is put by the value of the product of the film resistance,

R, , and capacitance, C,,, which defines characteristic frequency of the sample, mOZ(RShCSh)'I.

For the 1 um thick film with a grain size of 1 um, Ry, ~ 10 /) and Cy,<0.1 pF/[1. Thus, w, >
10" rad/s = 160 GHz which is far beyond the frequency limit of our LCR meters.
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2.4 Experimental Studies of Thin TCO Films
2.4.1 Tin oxide films doped with fluorine

The studies presented in this section illustrate the method based on combination of transport
phenomena measurement and optical characterization of a material.

Experimental details

SnO,:F thin films were prepared at CSM in collaboration with Dr. J. Xi from Green
Development, LLC., by atmospheric pressure chemical vapor deposition. Films for studies were
selected with the thickness of 350-600 nm, which is typical for practical applications. The top
surface roughness did not exceed 10% of the film thickness. The average grain size determined
with AFM and SEM for many films was in a range from 130 to 200 nm.

Electrical characterization included measurements of DC resistivity p, Hall coefficient Ry, and
Hall mobility ¢y measured with a Bio Rad HL 5500 PC Hall Effect Measurement System (van
der Pauw geometry). The Seebeck coefficient S (thermopower) was measured at room
temperature with a simple home made equipment. Optical properties were studied by using
multiangle spectroscopic ellipsometry (a © J. A. Woollam Co. Inc. VASE® system). Modeling
based on the Drude model provided data on plasma frequency @), and collision frequency ., the
parameters that are totally defined by free carriers.

Band spectrum, Fermi level position

The analysis of the experimental data was based on the theory of electron transport phenomena
presented in Sections 2.2 and 2.3 specified for the case of isotropic band spectrum and high
degeneracy of the free electron gas. Indeed, according to [33], the conductance band structure
in SnO; is described by a single ellipsoid model. The longitudinal and transverse effective
masses (parallel and perpendicular to the revolution axis of the constant energy ellipsoid) are:
mo*=0.234my and m;*=0.299my. Thus the anisotropy of ellipsoid in k-space is rather low:
ky/k1=0.9. The values of the conductance and density of states effective masses calcuated using
Eqgs. 2.6 and 2.9b are practically the same: m.*=0.274m,, m;*=0.276m. This allows assumption
of an isotropic spectrum. Then, the free electron concentration determined by Hall measurements
varied in the range of 1.8x10%° to 5.9x10%° cm™. This high electron concentration together with
the low magnitude of the measured Seebeck coefficient (-20 to -40 uV/K) indicates high
degeneracy of the electron gas in all samples at room temperature.

The next problem is whether there are considerable deviations from parabolic spectrum. To
clarify the problem we have analyzed the plasma frequency, @,, dependence on the electron

concentration, N. The latter was determined from Hall measurements as N = (—eR,,)”" because
the Hall factor in Eq. (2.24) is A =1 for the single ellipsoid spectrum and high degeneracy of the
free carrier gas. According to Eq. (2.7), a)f, o< N if the effective mass does not depend on carrier

concentration (Fermi level). The experimental data (see Fig. 2.1a) demonstrate just this kind of
dependence within the accuracy of measurements. Thus no considerable deviation from
parabolic spectrum takes place in the studied concentration range. This is confirmed by the
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Seebeck coefficient dependence on carrier concentration (Fig. 2.1b) which is very close to
S o< N7 in accordance to Eq. (2.28).
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Fig.2.1 Dependence of plasma frequency (a) and Seebeck coefficient (b) on electron
concentration.

The conductance effective mass value determined from the slope of the graph in Fig. 2.1a is:
m, =(0.28+0.01)m,, which is very close to the values 0.274m, and 0.276m, for the
conductance and DOS effective masses presented in Ref. 33. In our further analysis we will use
the isotropic and parabolic band approximation with m, =m_ =0.28m,. The Fermi energy E,

calculated using this effective mass value and Eq. (2.10) varied in range of 0.4 to 0.9 eV for
carrier concentrations in the range of 1.8x10%° to 5.9x10*%cm™.

Mobility

The Hall and optical mobility values defined by Egs. (2.27) and (2.42) and measured on several
typical SnO; films are presented in Table 2.1. All films were prepared with the same deposition
technique and fluorine concentration, while the duration of deposition and the oxygen pressure
during post-deposition treatment were varied. It is seen that for samples #3-8 the uy and op
values are close to each other. For the first two samples the Hall mobility is much lower than the
optical one. This difference is likely provided by the influence of grain boundaries on the
measured resistivity, hence on the Hall mobility.
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Table 2.1. Comparison of the Hall and optical mobility values

Sample # Thickness Concentration | Mobility (cmz/Vs)
(nm) (10*%cm) M Mopt
1 110 5.9 4.5 21
2 60 4.0 4.5 32
3 370 5.6 25 26
4 330 5.2 30 32
5 500 4.6 29 30
6 470 3.1 11.5 12
7 500 3.2 12 12
8 520 3.0 11 11

Scattering by grain boundaries can be neglected to the first approximation because the grain size
is much greater than the mean free path length /. In the case of high degeneracy, the only
carriers that contribute to electron transport are those having energy close to the Fermi level.
Thus the mean free path can be estimated by using the equations:

[=v,T,; T, =um*/e; v,m*=P,=h(3N/87)"° >

/= (ﬂj (ﬁj i (2.45)
8 e

where v,, 7., P. are respectively the velocity, relaxation time and electron momentum of an
electron at the Fermi level, N and u are the measured concentration and mobility. Even for the

samples of highest mobility, the estimated value of / does not exceed 10 nm while the grain size
is above 100nm.

Thus we must use another approach to the discussion of the GB influence that is based on
treating the polycrystalline material as a two-phase system (see Sec. 2.3.3). One phase is the bulk
material inside grains, and the other phase is the GB region. Eq. 2.44 was used to evaluate the
ratio of contributions of GBs and bulk material to the in plane resistance, R, /R,. In this
model the optical mobility is not impacted by grain boundaries as long as the grain size is much
greater than the mean free path. The collision frequency is determined by scattering processes
occurring in the bulk of a grain, and is a reciprocal of the bulk relaxation/collision time, 7. Thus
MUop: 15 a better measure of a real mobility in the grain bulk. If the yy and 4, values are close to
each other, that means that contribution of GB to the film resistance is negligible (Rgz<<Rp).
Table 2.1 shows that grain boundaries significantly increase resistivity only in thin films, while
their influence is rather low in films thicker than ~300 nm.

The last three samples in Table 2.1 were annealed in an atmosphere enriched with oxygen, and

exhibit almost equal values of iy una tops, hence the impact of GB is insignificant. At the same
time they demonstrate mobilities much lower than other thick films. This difference can be
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attributed to the partial compensation of the fluorine donors by uncontrolled acceptor centers.
We have compared these samples (set 1) with the samples cut from the same SnO,/glass plate
and annealed in standard atmosphere (set 2). The latter had an average electron concentration of
5.3x10”cm™ and an average mobility of ~30cm®/Vs. If it is supposed that the donor
concentration is the same in both sets, N,=~5.3x10°°cm™, then the concentration of single charged
acceptors is N,~2.2x10"%cm>. The density of the scatterers (ions) in the set 1 samples is
N,=Ns+N,=7.5 xlOzocm'3, that is ~1.4 times greater than in the set 2. For the ion impurity
scattering in highly degenerate material, f o< 773/ 2/Nsc o< /Ny, where = E,. — E_ 1s the distance

between Fermi level and the conductance band edge. Thus the ratio of mobilities in the two sets
should be 1,/1,=0.3, which is close to the measured ratio.

Scattering mechanism, theoretical estimates of mobility

For these studies we selected presumably uncompensated samples with ty=it,,,. The uniformity
of electronic properties in plane was checked with thermoprobe (thermopower) and the four-
point-probe method (resistivity). Ellipsometry measurements were used to check uniformity of
the plasma and collision frequencies (electron concentration and mobility) across the film
thickness.

Mobility measurements in the temperature range of 300 to 500K did not reveal any w(7)
dependence; hence one can exclude phonon scattering. As to the scattering by neutral defects and
impurity ions, we can distinguish them based on the scattering parameter value, ». The latter is
defined by the relaxation time dependence on energy (see Eq. 2.17). For neutral hydrogen-like
impurity centers » = 1/2, for centers with the d-type scattering potential » = 0, and for the
impurity ions » =2 [34]. We have derived the scattering parameter from the Seebeck coefficient
data by using the equation:

2
s=Ke 7 o)kl
e 3 n

(2.46)

For the electron concentration in the range of 2x10* to 5.5x10*° cm™, the obtained value of r
varied from 1.2 to 1.5, which is considerably higher than that for the first two mechanisms
mentioned above. The discussion below will show that screening of the ion Coulomb potential
by free carriers (FSC) can yield this range of r. In this case, the scattering potential is

U= %exp(— Rij , where € is a dielectric constant, R is a distance from the ion center and R,
8 [
is a screening radius which is defined for highly degenerate semiconductors by [34]
(z/3N) ()]
R, = TR (2.47)
l6r"m*e

This and the following equations are written in the CGS system.
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To calculate the scattering parameter we used the theory presented in [35, 36 and 34]. The
dependence of relaxation time on energy for scattering by screened impurity ions can be written
in the form:

_ (2m*)1/2€2 3/2
T(E)-{;;;RZ&RES}E' (2.48)
B(&) = ln(l+§)—é; E= (kR k, = Gr*N)" (2.49)

where N; is the impurity ion concentration , @(&) reflects the influence of SFC, and & is the
Fermi wave vector magnitude. The derived expression for the scattering parameter is:

5 (dn® o, &
F=2 [dmngn_z SiE (2.50)

The screening radius value calculated with Eq. 2.47 is of the order of the unit cell size or
lower. This raises the problem of spatial dispersion of the dielectric constant. The dielectric
constant € in Eqgs. 2.47 and 2.49 is a sum of (a) the high frequency dielectric constant, &.,
provided by polarization of the atomic electron shells and (b) the lattice dielectric constant, &,
provided by displacement of the lattice ions (é=¢€.. + & ). Confining the perturbation potential to
a volume of the order of the unit cell decreases the contribution of the second mechanism so that
the effective dielectric constant is somewhere between &.. and & (static dielectric constant).
Fortunately, the scattering parameter calculations provided values only slightly different for
£=10 and e_ = 4(see data fore in SnO, in [33]). For the carrier concentrations of 2x10* to

5.5x10% cm™ , the results of calculations (1.3< 7, <1.5) are in a good agreement with the data

derived from the Seebeck coefficient measurement (1.25 7exp <1.5). This result verifies impurity
ion scattering with SFC as a dominating mechanism in our films.

Studies presented above enabled us to calculate mobility as y=e7m* and compare the calculated
and measured data. The effective mass was assumed to be isotropic, independent of the carrier
concentration, and equal to 0.28 m,. The mobility was calculated for N =5x10"°cm™ and varying
dielectric constant, assuming singly charged donors and no compensation, and varied from ~80
cm?’/Vs (e=¢g) to ~20 cm*/Vs (e=¢..). The best fitting for the highest measured mobility of 35
cm?/Vs was obtained with £=5.3.

2.4.2 Application of the four-coefficient method: ZnO films

Measurement techniques and experimental procedure

The four-coefficient instrument created at NREL with our participation has already been
described and discussed in detail in [19, 28]. Here we present only a brief review of its principal
features and operation.
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Thin film TCO samples are deposited on electrically insulating substrates and are etched
photolithographically to the pattern schematically shown in Fig. 2.2b. Two copper blocks with
embedded electrical heaters control the sample temperature and the temperature gradient in
vertical direction when measuring Seebeck and Nernst-Ettingshausen (N-E) effects. The copper
blocks have a differential thermocouple mounted between them to measure the temperature
gradient across the sample. One of the blocks has an additional embedded thermocouple for
absolute temperature measurement. The entire sample holder is cooled by a closed-cycle helium
cryostat for temperature-dependent measurements from 30 to 350 K.

Hall effect and resistivity are measured with the van der Pauw method by using electrical
contacts 1, 2, 3, and 4. The Seebeck voltage is measured between contacts 1 and 3, and N-E
voltage is measured between contacts 2 and 4. Note that the temperature gradient is applied
parallel to the short dimension of a sample while the N-E voltage is measured in the long
dimension. This geometry of the sample orientation is different from the traditional geometry
(see, e.g., [23]) presented schematically at Fig. 2.2a. The latter is similar to the Hall bar geometry
where current flows along the long side of a sample and Hall voltage is measured along the short
side. The reason for changing geometry is that the N-E coefficient is very small in TCOs. Indeed,
this coefficient is proportional to mobility and the ratio kgT/(Eg-Ec), see Sec.2.3.1. Both
parameters are small for typical TCOs, so that for the reasonable values of magnetic field and
temperature difference across the sample, the N-E signal is in the nano-volt scale.

(a) (b) Substrate
4
2
L
Eng
< B, Cooler Block
Block
W

Fig. 2.2  Comparison of two types of geometry used for the N-E effect measurements.
(a) traditional geometry; (b) geometry used in our instrument.

Let us rewrite the Eq. 2.29 for the N-E effect in terms of temperature difference across a sample,

AT=(dT/dx)L, and the N-E voltage, VN..=Ex.gW, where L and W are the sample dimensions
shown in Fig. 2.2a. The new equation is
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Vy_g :QxATszx% (2.51a)
For the geometry shown in Fig. 2.2b this equation transforms to
L
Vy_k :QxATxBZxW (2.51b)

where L and W are the lengths of the long and short sides of a sample respectively. It is seen that
rotation of the sample by the angle of 90° with respect to the temperature gradient direction leads
to the (L/W)* fold increase in the N-E signal. For the real samples we use, L=16 mm and
W=3mm, that is (L/W)>=28.4. Thus using the geometry of Fig. 2.2b we provided a significant
increase in the N-E voltage while preserving a reasonably small temperature difference across
the sample, of 10 K or less. This geometry was proposed and realized first in [37].

Some results and discussion

To demonstrate the applicability of the method to studies of TCOs and illustrate typical
information provided by these measurements, we review here briefly the data obtained for ZnO
thin films and presented in [19]. The films were RF magnetron-sputtered on 7059 glass
substrates. The DOS effective mass m,* was studied with the FC method in the carrier
concentration range of 2x10' to 5x10%° cm™. The obtained value of mg* varies in this range from

0.3 to 0.45 m,indicating non-parabolicity of the conductance band. The plot of m,* vs. N3 is

linear indicating the first-order non-parabolicity in this concentration range. Extrapolation of the
plot to N =0, provided my,*=0.27m, (mq* is the DOS effective mass at the conduction band

bottom). The plasma-frequency conductivity effective mass values for the electron
concentrations of 4x10" and 5x10%° cm™ taken from literature [38, 39] are in a good agreement
with m;*, considering the deviation from the parabolic spectrum. Besides, the difference between
mg* and m.* is rather small which corresponds to the single-valley band in agreement with the
theory prediction [40]. The constant-energy surfaces shape is close to sphere. Within the
accuracy of measurements the ratio of the ellipsoid principal axes lengths does not exceed 1.5.

The scattering parameter » values were determined as described in Sec. 2.31, using Eq. 2.36 with
the non-parabolicity parameter A (Eq. 2.35) values derived from the experimental dependence
my (N). For heavily doped ZnO:Al samples (N>4x10%° cm™) the r value matches well with that
for the impurity ion scattering. For the undoped material (N~2x10" cm™), the scattering
parameter was found to lie closely with the value for neutral impurity scattering.

It is interesting to compare data for ZnO with those for Cd,SnO,4 (CTO). CTO films were also
prepared with the RF magnetron sputtering. Free electron concentration varied between 2x10%°
and 6.8x10%° cm™. The DOS effective mass increases with the carrier concentration, but much
slower than in ZnO, only by a factor of 1.2 in the concentration range indicated above. The m;*
value in CTO is smaller than in ZnO, by a factor of 1.8 for N =4x10* ¢cm™. Probably this
difference accounts for mobilities in CTO being nearly 3 times larger than in ZnO. First,
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mobility is reversely proportional to effective mass, and second, the lower effective mass, and
hence lower density of states leads to the reduced scattering rate. Indeed, the estimated relaxation
time value for N= 4x10%° cm™ in CTO is ~1.6 times that value for ZnO. It is important to point
that comparison of the Hall and optical mobilities in both materials differ only slightly indicating
no considerable impact of grain boundaries on the film sheet resistance. The same conclusion
was made previously in [29, 30] about SnO;:F films, see also Sec. 2.4.1.

2.5 Conclusions

- Combined experimental studies of electron transport phenomena in stationary external fields
and in ultra high-frequency electromagnetic fields (optical characterization) provide a unique
opportunity for investigation of band spectrum and scattering processes in heavily doped
semiconductors with low mobilities.

- Based on these studies one can determine effective mass and its dependence on the carrier
energy (Fermi level position), the shape of the constant energy surfaces, relaxation time and
dominating scattering mechanism.

- Comparison of the Hall and optical mobility values enables estimating contribution of grain
boundaries to the film sheet resistance.

- The techniques and equipment developed at NREL in cooperation with School of Mines
provides measurements on the TCO thin films of resistivity, Hall, Seebeck and Nernst-
Ettingshausen effects in a wide temperature range. Using the multi-angle spectroscopic
ellipsometry proved to be a convenient and reliable method for determination of the plasma
and collision frequencies and variations of these parameters across the film thickness. The
latter, being combined with the in plane mapping sheet resistance (four-point-probe method)
and Seebeck coefficient (thermoprobe), provide a convenient non-destructive method for
evaluation of spatial uniformity of electronic properties of a film.
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3. NEAR FIELD SCANNING OPTICAL MICROSCOPY (NSOM) OF
CdTe/CdS SOLAR CELLS

To clarify the role of polycrystallinity in forming opto-electronic properties of thin film
CdTe/CdS solar cells, it is important to use characterization techniques with high spatial
resolution. Morphological studies (SEM, AFM) of the CdTe absorber layer show that the grain
size is usually one to several microns. Hence we need the tools that provide testing of
composition, optical and electronic properties of a material with a spatial resolution on the order
of 0.1um or lower. Along with the scanning tunneling microscopy and spectroscopy, the NSOM
is one of the most promising techniques. In our facilities this method and instrumentation were
developed by Professor R.T. Collins and Graduate Research Assistant M.K. Herndon. In this
section we present results that demonstrate the effectiveness of NSOM for studies and two-
dimension mapping of current collection over the cell cross section. One of the major goals of
the experiments was to study the interdiffusion of S into CdTe by using the compositional
dependence of the ternary CdTe;.«Sx phase band gap and NSOM.

Post growth annealing of the CdTe/CdS films has been shown to enhance the performance of
solar cells. Substantial evidence exists that interdiffusion between CdTe and CdS layers occurs
during growth and post growth annealing processes [41]. In particular, S diffusion into the CdTe
layer leads to the formation of a ternary CdTe;xSx phase within the CdTe layer. For S
concentrations less than ~25%, bowing in the bandgap of the ternary as a function of x reduces
the band gap as S content increases. This leads to a decrease in the low energy cutoff of the
device relative to pure CdTe [42]. Various models for the mechanism of S diffusion have been
developed, and it is generally believed that grain boundaries must play a role in the diffusion
process. However this has been difficult to verify experimentally. This study provides evidence
that S diffuses preferentially along the grain boundaries in CdTe.

3.1 Experimental Techniques and Procedures

The samples used in these measurements were grown on soda-lime glass coated with a tin oxide
TCO. Chemical bath deposition was used to grow a ~200 nm thick CdS layer on the SnO,. CdTe
was electrochemically deposited on the CdS layer to a thickness of 3-4 um. The sample was
treated with CdCl, and annealed at 365°C. Previous work has shown interdiffusion can be
observed after the 365°C anneal, and increases significantly with temperature. By increasing the
anneal temperature to 450°C, a nearly uniform S concentration is observed throughout the film
[43]. Gold was evaporated through a shadow mask to form a back contact and define individual
devices. Capacitance-voltage measurements gave a zero bias depletion width of ~1.5 um for the
diodes and doping level of ~5 x10'*/cm” in the CdTe.

The glass side of the sample was scribed in the region under a device and broken to expose a
cross section of the device. It was mounted so that spatially resolved photocurrent and
topographic images of the cross section could be measured with the NSOM. The NSOM is a
home built instrument that operates in air. The experiments were done at room temperature. The
NSOM probe was made from a single mode optical fiber which was tapered using a micropipette
puller and metal-coated, leaving a ~100nm diameter aperture at the tip [44]. The probe was raster
scanned across the sample cross section using optically detected shear force feedback to maintain
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a constant separation of approximately 10nm between the probe tip and sample [45]. Monitoring
the feedback signal while raster scanning the sample allowed the topography of the cleaved
surface to be measured.

A tunable Ti:Sapphire laser and a 632.8nm HeNe laser were simultaneously coupled into the
fiber probe allowing it to be used as an excitation source. Each laser was chopped at a different
frequency before being coupled into the fiber. The photocurrent generated in the CdS/CdTe
diode was detected for each wavelength using two lock-in amplifiers. The outputs of the lock-in
amplifiers were recorded at each point as the sample was scanned. This allowed two spatially-
resolved measurements of the generated photocurrent, one for each wavelength of light, to be
recorded simultaneously with the surface topography.

Scans of the cell cross section began on the glass side of the junction, and progressed toward the
back of the CdTe layer. The same area was scanned several times, each with a different
wavelength from the Ti:Sapphire laser, in order to see variations in collection as a function of
excitation energy. The HeNe images, taken simultaneously with each Ti:Sapphire measurement,
were compared from scan to scan. This reference enabled us to ensure that variations in the
Ti:Sapphire measurements were due to changes in excitation wavelength and not due to changes
in the probe or scanning conditions.

The band gap of the CdTe; Sy ternary phase decreases as a function of x (for x < 0.25) from
~1.51eV at x=0 to 1.41eV at x=0.25 [46-48]. This dependence of band gap on x allows changes
in excitation energy during NSOM measurements to be used to observe spatial variations in the S
composition of the CdTe; Sy ternary across the heterojunction, and therefore to identify regions
of high S content. In the discussion below we have used the bandgap dependence of Ref. [49] to
associate optical excitation energies with specific S concentrations. In general, however, the
band edge of polycrystalline films shows inhomogeneous broadening due to effects such as
strain, defects, and alloying, which can lead to an apparent bandgap which is lower than that for
crystalline material. Because of this broadening and the uncertainties in the reported composition
dependence of the CdTe; Sk band gap, relative changes and spatial variations in S composition
found from optical measurements are likely to be much more reliable than the numerical S
compositions inferred from the measurements. The later should probably be viewed as correct to
within a few percent.

3.2 Experimental Results and Discussion

Figure 3.1 shows a topographic image and three photocurrent images, each produced using a
different excitation energy. The images are 4.8 x 4.8 um. The topography measurements showed
an average grain size of 1-2 um. A small amount of drift occurred between scans. Comparison of
the locations of individual grains seen in the topographic images allows us to track this drift. The
layers present in the film have been identified adjacent to Figs. 3.1a and 3.1b. The interface
between the glass and film is evident as the horizontal feature across the bottom of the
topography image. One obvious grain, which will be discussed in more detail below, has been
outlined on the topography plot (Fig. 3.1a). The topography measurements obtained in registry
with each photocurrent measurement were used to locate this feature in subsequent scans,
allowing this region to be identified in the photocurrent images in Figs. 3.1b-3.1d.
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Fig. 3.1. Topography (a) and photocurrent (b-d) NSOM images taken on the cross section
of a CdS/CdTe solar cell. The same grain has been outlined in the topography and in each of the
photocurrent images. The shift in its position is due to drift, which was tracked using the
topographic images. (b) The excitation energy of 1.615¢V is above the CdTe bandgap. (c) The
excitation energy of 1.463eV is ~50 meV below the CdTe bandgap. Increased width of the
collection region in the CdTe layer is observed compared to (b). For the marked grain, the
collection is much greater at the boundary than in the interior. (d) The excitation energy is
1.422eV.
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For 1.615 eV excitation (Fig.3.1b), which is a little more than 100 meV above the CdTe
bandgap, we see the photocurrent is strongly peaked near the junction, and decreases toward the
back of the device. This is typical of measurements at energies above bandgap. In general, the
photocurrent becomes even more strongly peaked near the CdTe/CdS junction as energy
increases. As energy decreases below the CdTe bandgap to 1.463eV (Fig. 3.1c), corresponding to
a S composition of 6%, the collection efficiency at the back of the device improves relative to
that at the interface. We have observed this effect (a widening of the collection region at longer
wavelength) in most edge cleaved semiconductor diodes we have studied. We attribute it to a
competition between surface recombination and collection by the junction. At longer
wavelengths, the light is absorbed further from the surface, allowing more of the carriers to be
collected by the junction before recombining at the surface. Similar observations and conclusions
were presented in Ref. 30. We note that the carrier collection region at this energy extends from
the junction to the back of the device and that the average collection efficiency at the junction
and near the back is roughly the same. Simplistically, the width of the collection region is
determined by the depletion width and the minority carrier diffusion length. Since our depletion
width is ~1.5um, this indicates a minority carrier diffusion length of more than 2um.

At 1.422eV (Fig.3.1d), the excitation energy is 80 meV below the CdTe band gap and
corresponds to a S content of 16%. Here the width of the collection region has once again
decreased. This is the result of carriers being generated mainly in the higher S content, lower
bandgap, CdTe; xS ternary phase, which is most likely to exist close to the CdS/CdTe junction.
The S concentration we would infer near the junction in Fig.3.1d is larger than the reported
immiscibility gap composition of ~6% at 415°C [41]. This may in part be due to the uncertainties
in quantifying S concentration mentioned above.

For excitation energies below the CdTe band gap, a large amount of contrast was visible across
the photocurrent images. For example, localized regions of higher photocurrent are visible near
the interface in both Figs. 3.1c and 3.1d. Presumably this contrast arises from variation in S
content and hence bandgap across these regions. A particularly interesting example of this
contrast is seen in Fig. 3.1c where a loop of higher photocurrent is clearly visible within the
outlined region. This correlates exactly with the boundary of the grain identified in Fig. 3.1a. To
clarify the energy dependence of this feature, a series of measurements across this grain was
recorded while varying the excitation energy from 30 meV above to 60 meV below the CdTe
band gap. The results are shown in Fig. 3.2 where each line on the graph represents a single
horizontal scan across the grain. Each scan was made at the same location using a different
excitation energy.

In agreement with the data in Fig. 3.1, as energy decreases, the traces in Fig. 3.2 initially show an
overall increase in the average value of the photocurrent, that is maximum for energies just
below the CdTe bandgap. As excitation energy decreases further, the average value of the
photocurrent drops. Nearly all the signal has disappeared in the 1.44eV scan.
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Fig. 3.2. The plot showing line traces taken from single scans across the grain outlined in
Figure 3.1. The arrows indicate the location of the grain boundaries. Increased
collection at the boundaries relative to the interior of the grain is observed in the
scans taken at or just below the CdTe band gap. This indicates that the boundary has a
lower energy gap, and therefore higher S composition, than the grain center.

Comparison with topographic data shows that the two peaks in the line traces, which are
indicate