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qN; at the grain boundary. Using equation 5.13, the change in barrier height due to the
change qAN; in the net surface charge density is given by

qN AN
Ap="—">=—"35 5.14
¢ 4eN, ( )
Substitute A¢ in 5.11, and taking p = N,, we obtain
2
q‘N;ANg
Ac = Ap ———— 5.15
c qu{ P~ 2ekT ) (5.15)

This equation predicts that the photoconductivity gain is independent of the equilibrium
carrier concentration, and proportional to the film mobility. Note that ANs is negative, so
that the second term in equation 5.15 makes a positive contribution to Ac.

5.2.2 Measurement of Photoconductivity Spectra

The apparatus used for the measurement of photoconductivity spectra is shown in figure
5.3. The Cary 17 spectrophotometer includes a high intensity tungsten-halogen white light
source, and a precision scanning monochromator. The output from the monochromator is
chopped at 30Hz, and split into two identical beams. The probe beam is extracted from the
spectrophotometer and focused by a spherical mirror onto the film zone to be tested. The
reference beam is incident on a PbS photoconductive cell, with photocurrent proportional
to the incident photon flux. A fixed bias potential (14 V) is applied to the film zone and
the AC photocurrent through the film is amplified by a low noise AC current preamplifier.
The output of the preamplifier is connected to the lock-in amplifier signal input. Low noise
AC signal processing techniques are necessary because the typical photocurrent is very
small (I, < 10® A rms). The lock-in phase reference input is derived from the beam
chopper inside the spectrophotometer. The monochromator changes the output
wavelength at a precise rate (1 nm/s, typically) while the data acquisition computer
records the lock-in amplifier DC output signal and the PbS cell reference signal, at a fixed
time interval (S s, typically). The PbS cell is calibrated at 633 nm using a reference Si
photo-diode of known quantum efficiency [10]. The photoconductive gain of the PbS cell
is assumed to be constant over the wavelength range, and the reference signal from the
PbS cell is used to normalize the film photocurrent by the incident light intensity.
Normalization is essential because of the large and abrupt variations in monochromator
output intensity, as shown in figure 5.4. The peaks in intensity at 980 and 1266 nm are
diffraction grating anomalies (Wood's anomalies), which occur when a diffraction order,
other than the one used, diffracts at 90° to the grating surface normal [11].
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5.2.3 The Photoconductivity Spectrum of a Single Layer Film

The photoconductivity spectra for 8 zones of film 960229 are shown in figure 5.5. The
spectra for the two highest conductivity zones (figure 5.5 a, b) do not represent true
photoconductivity because, as shown in figure 5.2, thermal effects dominate at the 30 Hz
chopping frequency. The relative strength of the signals (a, b) is also consistent with this
interpretation. The lower conductivity zones show the expected spectral response, with
the signal decreasing rapidly for energy below about 1 eV (figure 5.5, c-h). The
anomalous features in the photoconductivity spectra at 980 and 1266 nm are due to
imperfect normalization of the spectrophotometer intensity peaks at those wavelengths.

5.2.4 The Photoconductivity Spectrum of a Two Layer Film

The photoconductivity spectra for 16 zones of two layer film 960308 are shown in figures
5.6 and 5.7. Film 960308 was deposited with one half (y > —2.54 cm), 1% sodium doped,
and the other half, (y < -2.54 cm), not doped. This two layer film has about 100 times
higher photoconductivity gain than the single layer film 960229. As a result, the thermal
effects discussed in section 5.1 are negligible at the 30 Hz chopping frequency, with the
possible exception of the two high conductivity Cu-rich zones at x = —-1.78 c¢m (see figure
4.6). The spectra at zones in the sodium free half (figure 5.6), and the corresponding
zones in the sodium doped half (figure 5.7), are quite different in form. The sodium doped
zones have pronounced gain maxima at A = 1225 nm (1.012 eV), whereas the gain
increases steadily with increasing energy in the sodium free zones. Igalson [12], shows a
p-CulnSe; thin film (substrate not specified) spectrum similar to figure 5.6 (c) and a p-
CulnSe; single crystal spectrum similar to figure 5.7 (c). Kazmerski [13] reports a peak at
1.04 eV for an n-type film (substrate not specified) of thickness 2 um with 1 pum grains.
The wavelength at the peak is assumed to correspond to the CulnSe; energy gap, and the
change in the peak wavelength with temperature is used to determine the temperature
dependence of the energy gap. Isomura [14] reports a peak at 1.01 eV for some n-type
films deposited on "slide" (soda-lime?) glass. According to Slifkin [15]}, the spectrum of an
n-type CulnSe; single crystal has a weak, broad maximum at 1.25 eV. When the crystal is
converted to p-type by annealing under maximum Se pressure, a very sharp maximum
appears at 0.98 eV, having about ten times greater gain than the weak maximum at 1.25
eV. DeVore [16] developed an idealized model of the photoconductivity vs. absorption
coefficient for a uniform (i.e. single crystal) slab of semiconductor with arbitrary thickness,
surface recombination velocity, diffusion constant and bulk lifetime. When the surface
recombination rate exceeds the volume recombination rate, the model predicts a
photoconductivity peak at wavelengths for which the samnle thickness is a few times
greater than the absorption length, similar to the observed photoconductivity spectrum of
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the sodium doped CulnSe; film. In other words, in equation 5.11, it seems that the excess
carrier concentration term (ec Ap), not the grain boundary potential barrier reduction term
(ec Ad), dominates the photoconductivity Ac of the sodium doped film at longer
wavelengths. An attempt was made to try to estimate the bulk majority carrier lifetime
using the DeVore model, but reasonable fits were obtained only at unrealistic values of
the diffusion coefficient (too small) and lifetime (too long), probably because the DeVore
model does not include the effects of minority carrier trapping and grain boundaries.
Slifkin finds reasonable agreement with the DeVore model only for n-CulnSe, single
crystals which have been sensitized by annealing in the presence of CulnSe, powder for 2
hours at 600 °C, whereas the photoconductivity of the as-grown crystals is controlled by a
very thin (70 to 80 nm) surface layer [17].

The photoconductivity gain is reduced when a film is simultaneously illuminated with a
bias light source at a strongly absorbed wavelength (633 nm). The spectra with and
without bias illumination at x = —-0.76 cm are shown in figure 5.8 (top), for the sodium
doped and sodium free zones. The ratio of gain with bias to the gain without bias light is
shown in figure 5.8 (bottom). We see that the gain of the sodium free film is much more
sensitive to bias light. This suggests that, in the sodium free film, the bias light neutralizes
many of the grain boundary hole traps which would otherwise contribute to the energy
barrier photoconductivity term in equation 5.11. In the sodium free film, the gain ratio
varies little with wavelength, so the energy barrier term probably dominates the
photoconductivity at all wavelengths. In the case of the sodium doped film, the gain ratio
approaches one at the weakly absorbed wavelengths, indicating that the excess carrier
term may be dominant at longer wavelengths.

The low short wavelength response of the sodium doped film may be due to a very high
recombination velocity at the film top surface. Segregation of sodium to the film surface
has been observed [18, 19] and this may affect the surface recombination velocity.

The electron microscope images and the specular reflectance, transmittance, and x-ray
diffraction data of chapter 3 indicate that the sodium doped films have more oriented,
closely packed grains. The morphology of a film may influence the photoconductivity
spectrum,

Zones x = —1.27 cm and —-0.76 cm of the sodium doped film have significant gains at
photon energies below the CulnSe; energy gap, as seen in figure 5.7 (b, c), whereas the
corresponding sodium free zones do not. This is possibly due to electron transitions from
the valence band to electron trap levels near the conduction band. A fraction of the
trapped electrons is thermally released to the conduction band, and the remainder
recombine with free holes. The free carrier lifetimes are determined by recombination via



114

Energy (eV)

20 1.8 1.6 1.4 1.2 1.0 0.8
6 LN [LJLILEY BLAL I 2 L L I R B BN B T T T

1% Na, bias off ]
1% Na, bias on —

(107°)

llllll‘ll

0% Na, bias off

»

(]

llllillll‘l

—

Mg 4 ¥
_'v" Ry r e WA' A AP

ll!lJl!lllilllJllllLllll

Photoconductivity gain
N

VAN .Mm

-

-
N O
|
—
—
-—1

1.
0 1%

0.8
0.6
0.4

Gain ratio

0.2

Hlllll]llll}_jlll_il i

0.0
600 800 1000 1200 1400 1600

Wavelength (nm)
Figure 5.8
Top: photoconductivity spectra of CulnSe, film 960308
with or without DC bias light and 0% Na or 1% Na.
Bottom: Ratio of gain with to gain without bias light
Bias light intensity 2 mWem™ at 633 nm
x=—0.76 cm; y=—3.56 (0% Na) or y=-1.52 (1% Na)



115

other (deeper) gap states. We assume that holes are the majority carrier in the
photoconductivity. The p-CulnSe; single crystal spectrum [12] also shows significant gain
below the band gap energy. Note that a slight maximum is seen in figure 5.7 (b, ¢) at A =
1500 nm (0.826 eV). This is probably due to thin film interference effects (see figure 3.11
(b)). However, a weak peak at 0.82 eV due to an unspecified impurity has been reported
in the photoconductivity spectrum of n-CulnSe; single crystals [17].

The photoconductivity spectrum of zone x = —0.76 cm of the sodium doped film at
various temperatures is shown in figure 5.9. The peak photoconductivity gain increases
with temperature to a maximum at about 30 °C then decreases slowly. This is somewhat
similar to the mobility temperature dependence of this film zone, as shown in figure
4.7 (c). The gains at photon energies well below the band gap (i.e. A > 1225) approach
zero at low temperatures. For short wavelengths (say 700 nm), the light is strongly
absorbed and most generation takes place at the top surface of the film, so that the surface
recombination rate limits the number of carriers available that can contribute to Ap and

AN;. Assume that at 700 nm, the surface recombination rate, Ap and ANg are
approximately temperature independent. Then, according to equation 5.15, the
temperature dependence of Ac at 700 nm is controlled mainly by the film mobility p¢. Thus
the photoconductivity gain at 700 nm can be used to normalize the gain at long
wavelengths, so as to approximately remove the mobility temperature dependence. The
normalized gain at several long wavelengths vs. temperature is graphed in figure 5.10. For
photon energies less than the energy gap, the thermal activation energy of the normalized
gain vs. temperature should be roughly equal to the energy of the electron traps filled by
the incident light. This trap energy should also be about equal to the difference between
the band-gap energy and the incident photon energy. The calculated trap energies
for A > 1225 (see the table in figure 5.10) are in fair agreement with this reasoning. The
thermal activation energy at A = 1225 nm can be interpreted as being due to a shallow
level which changes from a recombination center to a trap as the temperature is increased.

It should be noted that the photoconductivity gain in figures 5.8 and 5.9 is significantly
lower (=2 x) than the gain in figures 5.6 and 5.7. The data of figures 5.6 and 5.7 were
measured before the flash photocurrent decay experiments described in section 5.2.5
below, whereas the data of figures 5.8 and 5.9 were recorded after the flash experiments.
The decrease in dark conductivity after the flash experiments has been noted in section
4.3. The samples were illuminated with short white light pulses (= 5 us) from a Xe flash
lamp, with peak intensities of about 250 Wem? (= 2500 suns). The room temperature
decay measurements were conducted in air, and each film zone was exposed to hundreds
of flashes. It is possible that the flash energy has an annealing effect, similar to a heat
treatment in air, so that some electrically active defects are passivated by oxygen. In
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figure 6.7, we see that the photoconductivity gain of CdS films is reduced by air
annealing. The effect of air annealing on CulnSe, is described in section 7.3.3.

Comparison of figures 3.19 and 5.6 shows that, with the exception of the zone at
x = ~1.78 cm, the sodium free zones with high photoluminescence intensity have low
photoconductivity gain, and vice versa. A possible explanation is as follows. Suppose that
the grain boundary energy barrier term in equation 5.15 dominates the photoconductivity
of the sodium free films. Assume that the surface state density is Ng, and in the dark all
states are occupied by holes and positively charged. According to equation 5.15, the
photoconductivity is then proportional to Ns. As described in section 5.2.1, optically
generated free electrons recombine with holes trapped in surface states. The surface states
may play a role similar to that of the non-radiative recombination centers postulated in the
bulk photoluminescence model of section 3.6.5. Based on these assumptions, the
photoluminescence emission intensity should decrease as N increases.

Comparison of figure 3.20 (e, f, g, h) with figure 5.7 (e, f, g, h) shows that these sodium
doped zones have similar photoconductivity gain, whereas their photoluminescence
intensity varies by about one hundred times. In this case, the photoluminescence intensity
variation with position may be due to change in a parameter, such as the density of donor
defects Np, which has little effect on the photoconductivity, but a strong influence on the

photoluminescence (see equation 3.24).

The zone x = —-0.76 cm has the highest peak photoconductivity gain (figure 5.7 ¢) and the
lowest photoluminescence intensity (figure 3.20 c) of the sodium doped zones. If we
assume that the bulk term in equation 5.15 dominates the peak photoconductivity, a large
Ap is consistent with low recombination rates, both radiative and non-radiative.

The above discussion of photoconductivity and photoluminescence is quite speculative,
since photoconductivity spectra measured at 295 K are compared with photoluminescence
spectra taken at 85 K. The comparisons would be more meaningful if the
photoconductivity spectra were also measured at 85 K.

5.2.5 Time Decay of Photocurrent in the Two Layer Film

The photoconductivity flash response apparatus is shown in figure 5.1 (b). Each zone of
960308 is illuminated by a Xe flash lamp, and the time decay of the photocurrent is
recorded with a digital storage oscilloscope. The decay transients for the sodium doped
and sodium free zones are shown in figure 5.11. At positions x = -1.27, -0.76 and -0.25
cm, the transient current is 10 to 20 times greater in the sodium doped zones, than in the
corresponding sodium free zones. The two zones at x = -1.78 c¢m each have a similar
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transient response, independent of the sodium content. According to case 1 in section 5.1
above, the transient current I(t) due to the thermal effect of the flash energy impulse is

1
I(t) < ot 2
where G is the dark conductivity. Since the conductivity at the two zones with x = —1.78
cm is over 200 times larger than at the other zones (see figure 4.6), the transient current
caused by the thermal effect is largest for these two. The log(I) vs. log(t) plot
(figure 5.12, a) of each x = -1.78 zone has a slope equal to —0.5, which indicates a
thermal effect. The large transient currents of the remaining lower conductivity sodium
doped zones do not obey a simple power law or exponential time dependence. It is
assumed that the decays are due to thermal emptying of electron traps in the grain bulk
[12], and/or at the grain boundaries, which were filled during the flash. Assuming bulk
trap states dominate, the additional free holes in the valence band maintain overall charge
neutrality, and their density Ap decreases as the traps empty. Assuming surface trap states
dominate, the mobility barrier is temporarily lowered by a reduction ANg in the effective
positive surface charge due to trapped electrons. As the electron traps empty, the Ng
increases and the barrier height increases. The photoconductivity decay at different
temperatures for the sodium doped film at x = —0.76 cm is shown in figure 5.13. The
decay transient is more rapid at higher temperatures, which is consistent with thermal
emptying of the traps. Since a distribution of traps covering a range of energies is likely,
then the decay current is a (continuous) sum of exponential decays with different
temperature dependent time constants and amplitudes. In the data of figure 5.13, the
nearly linear initial portions of the decay curves suggest the presence of a large
concentration of traps at a particular energy level. The decay time constant at each
temperature is determined from the slope and tabulated in figure 5.13. The time constants
vs. temperature are plotted in figure 5.10, and the slope indicates an activation energy of
0.51 eV. A deep electron trap at 0.52 eV has been reported in [12].

The photocurrent vs. time for monochromatic light at x = —0.76 cm is shown in figure
5.14. The waveforms are arranged in four groups for comparison. The waveform at the
top of figure 5.14 is the 30 Hz chopped output intensity from the Cary 17
monochromator, as measured with a fast Si photo-diode. Waveforms (a, b, c) are at 600
nm and three temperatures. Waveforms (d, e, f) are at 1220 nm and three temperatures.
The temperature dependent ris¢ and decay of the photocurrent is typical of the
photoconductivity of materials with high trap densities [20]. All waveforms are for the
sodium doped film, except (g) which is for the corresponding sodium-free film. The three
T=295 K waveforms are grouped at the bottom of figure 5.13 for comparison. Note that
the photoconductivity decay transient at 1220 nm for the sodium doped film (f) is larger
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than that of the sodium free film (g), consistent with the results of figure 5.11 and 5.12.
Note also that the transient component is larger at 1220 nm (f) than at 600 nm (c) for the
sodium doped film. This supports the conclusion that the photoconductivity processes in
the sodium doped film differ depending on whether most generation takes place near the
surface or in the bulk.
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Chapter 6
Molybdenum and Cadmium Sulfide Films

The solar cells will be described in detail in chapter 7. In the present chapter, the
deposition and characterization of molybdenum (Mo) and cadmium sulfide (CdS) films
are described. The CulnSe,/CdS solar cell uses a Mo film as the ohmic contact to the
p-CulnSe;,, and an n-type CdS film as the window layer.

6.1 Molybdenum Films

6.1.1 Description of the Radio Frequency Sputtering System

Molybdenum has a very low vapor pressure at the temperatures that can be reached with
resistively heated sources, so that electron beam evaporation or sputtering are the only
practical means for the physical vapor deposition of Mo films. The radio frequency (RF)
sputtering process was used for this work and is described in the following.

In the most basic RF sputtering system, shown in figure 6.1, two flat disk electrodes are
installed inside a vacuum chamber. The RF shields, and the walls of the vacuum system
are at ground (zero) potential. Consider first the usual case where the sputter mode switch
is set to normal sputter, so that the bias electrode is grounded. The combination of bias
electrode and RF shields forms one large ground electrode. An RF power supply (13.56
MHz) is connected through an adjustable impedance matching network to the target
electrode. Note that a series connected capacitor C1 guarantees zero time average (DC)
current flow to the electrodes. The surface of the target electrode is composed of a thick
layer of the source material (Mo) which is to be sputter deposited onto the substrate.

Argon is added to the vacuum chamber at a rate sufficient to maintain the steady state
pressure at approximately 40 mTorr. A glow discharge is produced in the volume between
the electrodes when the RF voltage is applied. The discharge is composed mostly of
neutral argon, with some argon ions and energetic free electrons. The argon ions are too
massive to directly gain significant kinetic energy from the rapidly varying RF electric
field. To a good approximation, the argon ions "see" only the DC electric field.

The free displacement amplitude of the electrons is much larger than their mean free path
in the argon gas. Thus the motion of the electrons can be characterized by a pressure
dependent mobility. For electrons, the cold electrodes are essentially blocking contacts,
since they can remove an unlimited number of electrons from the discharge but can
contribute only the few secondary electrons generated during ion impacts. Therefore, as
the RF field drives the high mobility electron cloud alternately toward either electrode,
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electrons are rapidly removed from the regions near the electrodes. The discharge reaches
a steady state configuration, consisting of a high conductivity approximately neutral
central plasma, bounded by high electric field, electron deficient, low conductivity,
positive space charge sheath regions adjacent to the electrodes. Since the plasma is
surrounded by positively charged sheaths, it is at a positive DC potential with respect to
either electrode .

A simple equivalent circuit [1] can be used to arrive at approximate expressions for the
DC target and plasma potentials. The target sheath and ground sheath are modeled by
capacitors connected in series between the target and ground electrodes. The plasma
potential is equal to that of the circuit node between the two capacitors. Each capacitor is
shunted by a diode and a large resistor. The diode carries electron current flow into the
plasma and the resistor carries DC ion current out of the plasma. The RF potential of the
plasma is determined by the ratio of the sheath capacitors. At all times during the full RF
cycle, the diodes force the plasma potential to be greater than or equal to both target and
ground electrode potentials. The external capacitor C1 requires that the net (ion +
electron) DC current flow to either electrode must be zero. Thus for each RF cycle, the
maximum plasma potential must be just equal to the maximum target potential, to briefly
allow electron flow to the target electrode. Similarly, the minimum plasma potential must
be just equal to the ground electrode potential, to briefly allow electron flow into the
ground electrode. Based on this simple model, the DC potentials are

C
V. = LV, 6.1
PTC +C, ¥ ©.1)
Ct—CO
= \ 6.2
t C!+C0 RF ( )
C
AV=V -V = v 6.3
Pt +C, (6.3)

Vrr is the RF voltage amplitude at the target electrode, C,, Co are the target and ground
sheath capacitances, respectively, and V,,V, are the target and plasma DC potentials. The
potential difference AV accelerates ions to the target with sufficient kinetic energy to
remove target atoms (sputter Mo) from the target surface. Some of the sputtered Mo
forms a thin film on the substrate.

For a given RF amplitude Vgg, the sheath capacitance ratio determines the size of the DC
potentials. According to [2], assuming that the ion current density is space charge limited
and the same at each electrode, and that the sheath capacitance is proportional to the
electrode area A divided by the sheath thickness, then the capacitance ratio is given by
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4
& = .éL (6.4)
G \A,
More recent experimental data [1] suggest that

2
< = A (6.5)
Co \A,

Thus for an electrode area ratio much less than unity, equations 6.1, 6.3, 6.4 and 6.5
show that the ion accelerating potential is near Vgr and the plasma potential approaches
zero. Since the total area of the ground electrode includes the bias electrode as well as the
RF shields, we estimate Ay = 10A,. Using equation 6.5 and 6.3, we obtain AV = 0.99Vpg.
From 6.1 and 6.5 we get V, = 0.01Vge. An important advantage of the low plasma
potential is that ion impact energies at zero potential surfaces such as the bias electrode
and the grounded shielding surfaces near the target electrode are minimized. Thus
sputtering of these surfaces and contamination of the film by the surface materials are
minimized.

For RF bias sputtering, the sputter mode switch connects the bias electrode through a
small capacitor C2 to the RF signal at the target electrode. The discharge now has three
electrodes. The RF amplitude at the bias electrode is set to a small fraction "b" of the
amplitude at the target by the RF voltage divider consisting of C2 and the capacitance of
the bias electrode to its grounded shield. Provided that the ground sheath capacitance at
the RF shields is much larger than the target and bias sheath capacitances, one can show,
using similar arguments as presented above, that a DC potential approaching Vi, = —bVpgg
develops on the bias electrode. The substrate is placed on the bias electrode and is
therefore bombarded by ions from the plasma with moderate energy V,-V;. This gentle
sputtering of the growing film can remove weakly bonded impurities [3].

6.1.2 Sputter Deposition and Electrical Conductivity of Molybdenum Films

A Randex model 3140 RF sputtering system (figure 6.1) was used to deposit the Mo
films. In figure 6.2 the conductivity of the sputtered Mo films, as measured by a four point
surface probe, is plotted as a function of deposition date. Starting at the end of 1994, a
deliberate effort was made to minimize contamination of the growing films by residual gas,
particularly oxygen. Thereafter, ultra high purity argon ( instead of high purity) is used as
the sputtering gas, the argon feed lines are thoroughly purged and the chamber is baked
out before starting a deposition. Bias sputtering was introduced on March 29, 1995 to
further reduce impurity concentration. The increase in Mo film conductivity due to the
systematic reduction of oxygen content can be clearly seen in figure 6.2.
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In order to improve adhesion of the film to the substrate, prior to deposition the substrate
is baked in vacuum for about 2 hours at 300 °C by a radiation heater mounted below the
substrate. This bake-out is intended to remove adsorbed water from the substrate surface
and dissolved water from the bulk. Mo films on 7059 glass generally adhere better than
films on soda-lime glass. This may in part be due to the differences in thermal expansion
coefficients (Mo: 5x10-6 K-1, 7059 glass: 4.6x10€K-! | soda-lime glass: 9.2x10 K1),

It was observed that bias sputtered films do not adhere to the glass as well as normal
sputtered films. According to [3], bias sputtering purifies metal films for which the metal
bonds more strongly to itself than to impurity atoms. One would expect a bias sputtered
film to have a reduced interface density of chemical bonds with the substrate, leading to a
corresponding reduction of adhesion. Therefore, in order to improve adhesion to the glass,
the first 0.1 um is deposited by normal sputtering, and the remainder of the film is
deposited by bias sputtering. All films were sputtered with the argon pressure at 40
mTorr. The substrate temperature during sputtering is approximately 300 °C. Other
sputtering parameters for a typical 1 pm thick film are shown in table 6.1 below.

Table 6.1: Typical Sputtering Parameters

sputter time forward reflected Vi Vi deposited
mode | (minutes) power power (volts) | (volts) | thickness
(RF watts) | (RF watts) (um)
normal OtoS 200 <5 -1950 0 0.1
bias 5to 60 200 <5 —-1800 —150 0.9

6.2 CdS Films

6.2 .1 Description of the CdS Deposition System

A hot wall deposition system is used to deposit the CdS window layer. CdS dissociates
into Cd and S upon evaporation. These elements have relatively high vapor pressures, and
condense to form stoichiometric CdS only under carefully controlled conditions. In a hot
wall system a heated inner chamber (hot wall) is used to confine the vapour to a restricted
volume in the vacuum chamber. This serves to minimize the loss of material, and
produces a higher vapour pressure at the substrate for a given source temperature. Also,
the vapour is approximately stoichiometric. because there are no cold surfaces on which
the lower vapour pressure component (Cd) can preferentially condense. Since film growth
will occur only if the impingement rate exceeds the evaporation rate (or equivalently, if the
hydrostatic pressure exceeds the equilibrium vapour pressure at the substrate temperature
[4]), higher pressures inside the hot wall enclosure permit higher substrate temperatures to
be used.
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A diagram of the hot wall evaporation system is shown in figure 6.3. The hot wall,
radiation heater, and heat shield are a separate assembly which rests in a locating hole in
the aluminum support platform. This permits easy removal of the assembly for cleaning
and heater wire repair. Also a separate electrode evaporation assembly can be substituted
for the hot wall assembly when electrodes are deposited. Minimal thermal contact exists
between the hot wall assembly and the support platform. This ensures maximum
temperature uniformity of the hot wall assembly and further reduces heater power
requirements. The hot wall assembly consists of a quartz glass inner wall, surrounded by a
6 turn heater coil wound from 0.01 inch tungsten wire. The heater coil is supported by 6
stainless steel rods with ceramic insulator feedthroughs for the tungsten wire. Surrounding
the wire is a heat shield/reflector consisting of thin aluminum sheet with approximately
10% perforation with viewing holes. The In doping source and CdS source are located at
the base of the hot wall enclosure. A stainless steel baffle plate is mounted at the bottom
of the hot wall assembly. This plate closes off the bottom of the quartz tube except for
two holes through which vapour from the sources pass. Small ceramic connecting tubes
rest on top of the sources and pass through the baffle plate holes. This is intended to
maximize the CdS pressure inside the hot wall enclosure, by minimizing the area of the
escape passages. Thermocouples are mounted in the bases of the source crucibles to
monitor source temperatures so that controlled evaporation rates can be obtained.

The following procedure is used to prepare the hot wall system for the deposition of a
CdS film. First the hot wall assembly (figure 6.3) is removed from the vacuum chamber
and the glass hot wall inside surface is cleaned in 25% HNO3 in water, in order to remove
the CdS deposited during the previous deposition. The hot wall assembly is re-installed in
the vacuum chamber and baked-out in vacuum at full operating temperature, then cooled
to room temperature. Liquid nitrogen is added to the vacuum system cold trap. The hot
wall assembly is removed again, and the CdS source is filled with 1.1 g of CdS powder.
The CdS source is heated in vacuum to 800 °C for about 5 minutes to out-gas volatile
impurities, then cooled. Finally, the hot wall assembly and a substrate with a thermocouple
bonded to its back surface are installed, and the chamber is again evacuated.

Figure 6.4 shows the temperatures during the deposition of a CdS/CdS:In film (#951002),
and a pure CdS film (#951006b). The optimum temperatures of the CdS source, the hot
wall and the substrate were determined in the experiments described in sections 6.2.2 and
6.2.3 below. The In source temperature was calibrated with a crystal microbalance, to
provide In doping in the 0.1% to 1% range.
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6.2.2 CdS Evaporation Rate vs. Source Temperature

The type (f) source design of figure 2.5, originally developed for Cu and In evaporation,
was also used in the CdS deposition system. After each deposition, the change in mass of
the CdS in the source, and the evaporation time, were used to determine the mass
evaporation rate of the CdS. Figure 6.5 is an Arrenhius plot of the evaporation rate. The
temperature dependence of the CdS evaporation rate is expected to be [5] of the form

G= CTexp(—%) (gem?s™) (6.6)

where AH is the heat of activation, and C is independent of temperature. The slope of InG
vs. 1/T is given by

d(InG
slope = (InG) __aH . 6.7)

=) "

From the data of figure 6.5, the slope obtained by least squares fit is

slope =-13956 K at T=1000K

From this we obtatn
AH = 25.76 kcal/mol

Due to systematic errors, described below, this estimate of AH is considerably less than a
published value [S] obtained by careful measurements on CdS single crystals:

(AH )crystat = 50.3 kcal/mol

In figure 6.5, the evaporation rate is plotted with respect to the temperature of the
thermocouple in the evaporation source crucible, not the temperature of the CdS powder.
As the powder temperature and evaporation rate are increased, more heat must flow from
the crucible to the powder, in order to supply the AH needed to vaporize the powder.
Since there is a thermal resistance between the crucible and the powder, the temperature
difference between the crucible and powder increases as the crucible temperature and the
heat flow increase. Thus the actual powder temperature varies over a smaller range than
the range of thermocouple temperatures of the data points shown in figure 6.5, and the
slope of the linear fit is less than would be expected if the powder temperature were
measured and used as abscissae in figure 6.5.

The surface area of the CdS powder decreases as the CdS mass decreases during
evaporation. Therefore at a fixed temperature, the evaporation rate (in grams per minute)
decreases as the CdS evaporates. There is some error in the data of figure 6.5 because of
variations in the initial and final CdS masses used in each evaporation experiment.
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6.2.3 The Effects of CdS Purity

More than 45 CdS films were evaporated during the course of the project. Many films
were produced to evaluate the design of the CdS evaporation system, and to determine the
appropriate combination of substrate temperature, hot wall temperature (Ty.y), CdS
source temperature (Tcys), and indium doping source temperature (Tp,) required to
produce good quality films. An important observation is that the quality of the CdS
powder used in the evaporation source can have a major influence on the film deposition

process.

Containers of high purity CdS powder supplied by Alfa Inorganics (ALFA) and
Electronic Space Products (ESP) were already in stock in the lab and both types were
tried as evaporation source material. The film thickness of CdS deposited on the
substrate per gram of CdS evaporated depends on the wall temperature. As shown in
figure 6.6, the ALFA CdS yield has a much greater sensitivity to wall temperature than
does the ESP CdS. Also the ESP CdS produced uniform films in a predictable way,
whereas the ALFA CdS tended to produce non uniform, poor quality films. It is possible
that the ALFA material was not sufficiently pure initially, or had been contaminated or
chemically altered (formation of sulfate and/or chloride). The glass stopper on the ALFA
CdS container did not provide an airtight seal, and the CdS was stored for many years in a
closed cabinet with other containers of chemicals. Commercially available "pure” CdS can
contain up to 10 ppm of heavy metals and 0.1 to 0.5% of chloride and sulfate [6].
Evaporation of such material does not lead to reproducible results. Considerable effort
was wasted in initial experiments before it was recognized that poor quality films always
resulted when the ALFA CdS was used.

6.2.4 Characterization of CdS Films

Several good quality (uniform, yellow-orange color) CdS films were selected for testing.
The films were deposited on 7059 glass at 200 °C substrate temperature using ESP CdS
powder as source material. The deposition conditions and dark conductivity at 20 °C for
three films are shown in table 6.2 below. The dark conductivity of film 951006b was re-
measured after a 15 minute anneal at 200 °C in air. A Hall measurement of film 951006b
gave n=16x10!%¥ ¢cm™3 and p, = 0.4 cm? V-!57! before annealing.

Figure 6.7 shows the photoconductivity spectra of CdS film 951006b before and after
annealing. The uniformly illuminated sample is 4.5 um thick, of area 1.4 x 0.35 cm?, and
has indium contacts on the 0.35 cm sides. The air anneal reduces the photoconductivity
gain and the dark conductivity, but increases the ratio of photoconductivity gain to dark
conductivity. This effect has been described in [7] for both oxygen and copper impurities
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in CdS. According to [7], a typical CdS film produced by evaporation has excess Cd,
either as S vacancies or Cd interstitials. These defects are donors. Oxygen, like copper, is
a deep acceptor in CdS, with large ionization energy (=1 eV). When oxygen acceptor
defects are added to CdS, they compensate many of the donor defects, thereby
substantially reducing dark conductivity. Any uncompensated acceptors act as
recombination centers, which cause a reduction in free carrier lifetime and
photoconductivity gain.

Optical transmission spectra for the three films are shown in figure 6.8. The main
parameter affecting the measured transmittance for photon energies below the bandgap is
the grain size. As is the case for large grain CulnSe; films without sodium doping (section
3.5.2), the large grain CdS films scatter most of the spectrophotometer light out of the
beam path, resulting in very low measured transmittance.

Table 6.2: CdS Film Deposition Temperatures and Properties

film # time | Tuyan | Tces | Tin | thickness | grain | indium dark
(min) { (°C) | (°C) | (°C) (um) size | doping [ conductivity
(um) | (%) | (Qlem™)

951002 28 307 | 767 | 540 1.04 <0.3 0.2 160

951004 20 270 | 802 | off 1 1 0 0.04

951006b 33 307 | 802 | off 4.5 2to 5 0 0.09

951006b 33 307 | 802 | off 4.5 2to 5 0 0.005
(annealed in

air)
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Chapter 7
CulnSe,/CdS Solar Cells

Most solar cells produced during this project were based on the simplest cell design which
has demonstrated relatively high energy efficiency. The structure, shown in cross-section
in figure 7.1, is similar to that of the 9.4% efficient cell developed at Boeing in 1981 [1],
without the anti-reflection coating. Many improvements to the basic Boeing design have
since been made, as described in section 1.2, but more sophisticated fabrication techniques
are required. The typical device of figure 7.1 has a 1 um thick molybdenum (Mo) back
contact, a 3 pm thick p-CulnSe, absorber layer, a 4 um thick n-type cadmium sulfide
(CdS) window layer and a 2 um thick AI/Ni front contact grid.

7.1 Solar Cell Fabrication Procedure

7.1.1 Mo Back Contact Deposition

The glass substrate is cleaned by the method of section 2.1. It is then placed in the RF
sputtering system where a 1um thick Mo film is deposited on one face of the substrate,
using the method of section 6.1.

7.1.2 Deposition of the CulnSe, Absorber Layer

After the Mo contact is deposited on the glass substrate, the substrate is removed from the
sputtering system. If required for experimental purposes, the Mo film is coated with a thin
layer of NaOH by one of the methods described in 2.5. The substrate is then installed in
the CulnSe, deposition chamber of figure 2.1, and the CulnSe, absorber layer is
deposited through a mask of aperture 4 x 4 cm? by the method described in Chapter 2.

7.1.3 CdS Window Layer Deposition

After removal from the CulnSe, deposition chamber, the back surface of the substrate is
slightly roughened with fine sand paper and a copper-constantan thermocouple is bonded
to it using Torr Seal [2] epoxy. The thermocouple is required for substrate temperature
control in the subsequent CdS deposition step. The indium wetted type K thermocouple
used during the CulnSe, deposition is not used for the CdS deposition because the
mechanical fixture used to press the thermocouple pad against the back surface of the
substrate could not be easily installed in the CdS system. Epoxy bonding is not used
during the CulnSe; deposition because the substrate temperature is too high. The CdS
window layer is deposited using the hot wall evaporation system, as described previously
in section 6.2.1
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Energy diagram for Mo/CulnSe, /CdS/Al/Ni solar cell.
Assumed parameters (energy eV, density cm-3):
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7.1.4 Front Contact Deposition

Before deposition of the top contacts, the epoxy bonded thermocouple is removed from
the back surface of the substrate with a rotating wire brush.

The top electrode consists of a layer of aluminum followed by a nickel layer, both
deposited by evaporation. Each layer is approximately 0.5 to 1 um thick. A layer of
aluminum is deposited first because it has high conductivity and forms a good ohmic
contact with n-CdS. Nickel is used to coat the aluminum because of its resistance to
oxidation and because it is harder than the platinum probe wires used for contacting.

For aluminum evaporation, an F2-3x.025W tungsten filament source was used and for
nickel evaporation, an S9A-.010W tungsten boat source was used {3]. Typically, the
sources must be replaced after two evaporation cycles, because Al and Ni alloy rapidly
with tungsten at the high source temperatures used (Ty; = 1800 °C, T =1500 °C).

The electrodes are defined by evaporating the metals through thin slits in stainless steel
masks. To produce a grid, the mask is rotated 90° and a second evaporation is performed.

7.1.5 Edge Definition and Air Anneal of Solar Cells

After completion of the fabrication process, a stainless steel scribe is used to remove the
semiconductor layers around the outer edge of the CulnSe; layer, down to the Mo layer,
and thus define a square active area (typically 3.9 x 3.9 cm?), slightly smaller than the
mask through which the CulnSe, film is evaporated. The scribing technique is quite
practical because the CulnSe, film does not adhere strongly to the Mo contact. After
completion of the scribing process, the solar cell is annealed in air for 15 minutes at
approximately 190 °C. The annealing step is required for optimum performance of the
finished cell.

7.1.6 Solar cell Deposition Data Records

A data acquisition computer was used to record deposition data for all CdS and CulnSe,
films with sample numbers equal to or greater than 950508. The absorber and window
film deposition records for some solar cells of interest are shown in figures 7.2 to 7.7.
The source and substrate temperatures, the deposition rates measured at the microbalance
crystal, and the shutter position, are shown in each CulnSe, deposition record. The
calibration of the Cu and In sources takes place before the shutter is opened. Prior to the
start of deposition, the substrate temperature is raised to 450 °C to bake-out adsorbed
water. The In source is at a reduced temperature during the first few minutes of
deposition, so that the initial deposition is highly Cu-rich (i.e. F >> 1). For all two layer
CulnSe;, films (figures 7.2 to 7.6), the substrate temperature is at 450 °C during the first
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Film deposition records for solar cell 951003.
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Film deposition records for solar cell 951207.
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Film deposition records for solar cell 960314
Top: CulnSe,; temperatures, rates, shutter
Bottom: CdS; temperatures, shutter (closed = 0)
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few minutes of growth, to improve film adhesion. The substrate temperature is reduced to
350 °C for the remainder of the Cu-rich bottom layer, then the Cu source temperature is
reduced and the substrate temperature increased to 450 °C for the In-rich top layer. At
the end of a two layer deposition, the Cu and In sources are cooled, and the shutter is re-
opened while the Se source is still on, in order to reduce Se loss from the film as the
substrate cools to 300 °C. In figure 7.2, a 70 eV argon ion beam was used to pre-clean the
Mo surface at t = 27 min. In figures 7.2 and 7.3, ion beam assisted deposition is used
during the first few minutes of film growth, to improve adhesion of the CulnSe, film. In
figure 7.7, a single layer film is deposited, so the Cu source temperature and substrate
temperature are held constant during the entire time the shutter is open.

The solar cell device number is the same as the sample number of the CulnSe, absorber
film in the cell. Deposition data for some select solar cells are listed in table 7.1.

7.2 Solar Cell Optimization

The solar cell fabrication method outlined in section 7.1 and the film deposition techniques
described in detail in chapters 2 and 6 were developed concurrently during a deliberate
effort to produce energy efficient solar cells. The first solar cells had nearly ohmic
current-voltage characteristics (fill factor = 0.25) and energy efficiency less than 0.05%.
The major causes of low cell performance were identified through experimentation, and
study of the relevant literature. As the problems were corrected, typical device efficiency
improved. The deposition conditions, substrate material, film thickness etc. for all of the
CulnSe; films are listed in appendix A, and similar data for CdS is in appendix B. The
measured solar cell parameters and calculated efficiencies are listed in appendix C. Brief
descriptions of the major problems encountered and the necessary changes and
improvements made are described below.

7.2.1 Improving the CulnSe, Films

The first CulnSe; films were deposited using commercial crucible sources and manual
control of source temperatures. Manual control and crude thermocouple mounting
schemes do not allow the precise control of evaporant temperatures needed for the growth
of good quality CulnSe, films. The solution of the evaporation rate problem is the
subject of chapter 2. Sample 950830 was the first film made after the source temperature
control problems had been eliminated.

The first substrate heater was an electrically heated solid copper block in contact with the
substrate. A thermocouple passes through a small access hole in the block and is bonded
to the back surface of the substrate with epoxy. A feedback temperature controller was
designed, with an error amplifier controlling a DC power supply. The error amplifier



device #
(y-m-d)

951003b
951003t
951003

951023b
951023t
951023

951025b
951025t
951025

951111b
951111t
951111

951121b
951121t
951121

951124b
951124t
951124

951207b
951207t
951207

951209b
951209t
951209

960113b
960113t
960113

960120b
960120t
960120

960314b
9603 14t
960314

960316
Notes:

Cu
rate
(Hz/s)
4.55
2.48

4.749
2.59

4.749
2.59

4.57
3.125

4.57
3.125

4.57
3.125

4.748
2.675

4.748
2.675

4.748
2.675

4.748
2.675

2.738

478

ulnSe,/Cd

Cu Indium Indium

Table 7.1:
time rate
(min) (Hz/s)
425 6.5
15 6.5
41.5 6.5
25 6.5
35 6.5
30 6.5
58.5 6.5
22 6.5
55 6.5
19 6.5
55.5 6.5
20.5 6.5
55 6.5
21 6.5
55.5 6.5
215 6.5
56 6.5
215 6.5
56 6.5
22 6.5
51.5 1.75
19.5 7.75
55 1.75

dep. thick

time ratio F CulnSe,
(micron) (micran) (cm?)

(wnin)
395
15

41.5
25

35
30

58.5

50.5
19

5t
20.5

52
215

54.5
215

54
22

50.5
19.5

54

1.247 1.62
0.632 0.51
1.078 2.13
1.210 1.69
0.660 0.86
1.003 2.54
1.210 1.42
0.660 1.03
0.956 245
1.165 2.35
0.796 0.79
1.064 3.7(w)
1.268 2.09
0.796 0.68
1.139 277
1.267 2.11
0.796 0.73
[.132 3.09 (w)
1.267 2.17
0.682 0.72
1.100 3.41(w)
1.291 2.16
0.682 0.74

L.113 3.27(w)

1.243 2.24
0.682 0.74
1.084 2.98
1.255 2.23
0.682 0.76
1.089 2.98
1.189 2.23
0.638 072

1.035 3.16(w)

1.135 2.49(w)

lar Cell Deposition

thick total

CdS

5.58

3.84

383

4.00

4.19

4.49

3.94

3.66

3.95

441

3.96

4.17

arca

15.1

15.1

15.1

15.1

15.1

15.1

4.4

14.4

10.0

37

1.1

15.1

a

comments

70 eV ion beam bonding to Mo
first large junction area device
first device > [ % efficient

top 0.1 micron of Mo contact
is partly oxidized for adhesion
cell has high series resistance

top 0.1 micron of Mo contact
is partly oxidized for adhesion
cell has high series resistance

top 0.1 um of Mo deposited
in normal sputter mode
to improve adhesion

200 eV ion beam bonding to Mo

200 eV ion beam bonding to Mo

sodalime glass substrate
highest efficiency
poor Mo adhesion to glass

sodalime glass substrate
poor Mo adhesion to glass

for w<0 cm, Mo coated substrate
dipped in 0.1 M NaOH in ethanol
for w>0, only 20% adhesion

NaOH evaporated for w>1 cm,
to obtain 3.5% sodium doping
CulnSe; peeled off elsewhere

0.5% NaOH at y<-2.54 cm,
1% NaOH at y>-2.54 cm
30% CulnSe; adhesion, at y>-2.54

1% NaOH at y>-2.54 cm

Suffixes "b" and "t" are bottom and top layer of CulnSe?2 ; No suffix pertains to entire device.
Total area is after any peeling of CulnSe,; bottom layer substrate T= 350 C, top layer T =450 C.
All devices on Corning 7059 glass except 951207 and 951209 which are on sodalime glass.

All CulnSe; thicknesses calculated except where indicated by "(w)" which are by weight.

All CdS thicknesses are determined by weight; All Mo films are approximately | micron thick.
Rates are at crystal; multiply Cw/lIn rate ratio by .9167 to obtain F at substrate, prior to 960314
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compares the substrate thermocouple voltage with a reference voltage. A thermal
contacting grease is required for good heat transfer to the substrate. At higher
temperatures ( >250 °C), silicone grease and epoxy cannot be used, so instead, a higher
block temperature was used, allowing radiation heat transfer. The thermocouple was
attached to a small stainless steel cylinder and held against the substrate by a weight. The
cooling time constant of the heater block in vacuum is of the order of hours. More rapid
temperature control is needed for depositing the two layer CulnSe, films used in the best
solar cells. Fast heating is required to raise the substrate temperature from 350 °C to the
450 °C necessary for the deposition of the second layer. If the heating rate is too slow, the
evaporation sources would have to be temporarily switched off to conserve source
material. Fast substrate cool-down at the end of the deposition is required to minimize Se
loss, which could convert the film from p to n-type.

A radiation heater was therefore designed, consisting of 0.01 inch tungsten wire wound on
two ceramic rods placed inside a radiation reflector about 2 cm apart and about 1.5 cm
from the back of the substrate. The thermocouple is placed inside a radiation shield tube
and indium metal is used for thermal contact between the thermocouple and the substrate.
The tungsten wire is heated to incandescence by the DC power supply of the temperature
controller described above. Sample 950126 is the first film made using the radiation heater
and indium contacted thermocouple. Sample 950901 is the first film for which evaporation
from the Se source was maintained for T, > 300 °C during substrate cool-down, in order
to reduce Se loss from the finished film.

As the deposition process became more sophisticated, it became very difficult to manually
record data. A simple program was written, based on existing subroutines and hardware,
which commands a data acquisition computer to record up to eight analog, differential
input channels with independently selected gains and a specified sampling interval. This
was used to record all temperatures, the shutter position and, if required, the ion-beam
status for all CulnSe; samples after 950407.

After sample 950508, the vacuum chamber was completely disassembled and all internal
surfaces cleaned, including the diffusion pump and cold trap. At this time, it was
discovered that the output port from the pumping stack in the diffusion pump was not
aligned with the foreline pipe. This may have caused increased base pressure and back-
streaming. The original motivation for the cleaning was to remove possible contaminants
such as Zn and Cd (donors in CulnSe, [4]) which were used in the same chamber by
previous students.

The mechanically complex combination of shutter and mask changing carousel initially
installed in the chamber was unnecessary and very difficult to clean and to use, so it was
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removed. A much simpler system was constructed in which a single shutter covers the
microbalance crystal, or the substrate, or neither, with no in-situ mask changing capability.
The crystal was moved into the plane of the substrate and much closer to the substrate.
The Cu and In sources were moved as close together as possible. This configuration,
shown in figure 2.16 (2), was used for samples 950708 to 960123. An intermediate
configuration (not shown) was used for samples 960218 and 960221. After 960221, the
sources were moved to the final configuration of figure 2.16 (b).

After sample 950906, the fused silica (quartz glass) chimney used around the Cu source
was replaced with a tantalum tube, because of concerns about possible doping of the
CulnSe, film with SiO,.

7.2.2 CulnSe, Adhesion to the Mo Contact

The problem of Mo adhesion to the glass substrate and its solution have been briefly
discussed in section 6.1.2. Mo to glass adhesion failures became a problem only after the
means for producing high purity Mo films were developed. As the purity of the Mo was
increased, CulnSe, to Mo adhesion failures began to occur frequently, particularly for
two layer, thick films on Mo coated 7059 glass substrates. In some cases more than 95%
(listed as 5% adhesion in appendix A) of the CulnSe, film area peeled from the Mo while
the film was still in the vacuum chamber. The problem of adhesion of CulnSe; to Mo has
been reported elsewhere [S, 6]. Some proposed solutions include using a mixed 70% Mo,
30% Cu contact electrode formed by co-sputtering of Mo and Cu [7], or the addition of a
thin layer of Ga at the interface [8].

The Ga bonding technique was attempted here several times. The indium source is
removed and an alumina (Al,0) crucible containing Ga is installed in its place. Typically
the Mo surface of the substrate is sputter cleaned with a 200 eV argon ion beam to
remove oxides before deposition of a 15 nm Ga film. Then the chamber is opened, the Ga
source is removed and the In source re-installed, and a CulnSe; film is deposited. The Ga
layer did not improve adhesion, as indicated in appendix A (samples 950826, 950830,
950901, 950905, 950913, 950915).

In a different approach to solving the adhesion problem, a thin layer of partly oxidized Mo
was used to bond the CulnSe; to the high purity Mo. The oxygenated layer is produced by
switching from bias sputter mode to normal sputter and introducing a controlled air leak
for the top 0.1 um of the Mo film. If the additional specific contact resistance is due only
to the bulk resistance of a 0.1 um layer of oxygenated Mo of conductivity =104 Q-lcm-!,
there should be a negligible (10 Qcm?) increase in solar cell specific series resistance.
(specific resistance is defined by V=JR). However when solar cells (951023, 951025) are
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made with the oxygenated Mo bonding layer, excellent adhesion is obtained, but the series
resistance increase is of the order of 10 Qcm?. (see figures 7.11 and 7.17 below). The
dramatic increase in contact resistance occurs because the size of the energy barrier for
hole transport from the metal contact to the p-CulnSe; depends on the work function of
the contact metal. Oxidizing the Mo reduces the work function from the maximum ¢=4.6
eV of pure Mo. For pure Mo on p-CulnSe;, single crystals with N,=2x10!6 cm?3 , 2 0.8 eV
barrier is observed [9]. For the heavily doped (NA=10! c¢cm-3) Cu rich CulnSe; used at
the Mo contact in solar cells, the barrier height and width are reduced so that a nearly
ohmic contact is obtained [10]. The barrier height at the CulnSe,/Mo interface in a solar
cell is about 0.5 eV [11], and the specific contact resistance has been determined to
contribute a negligible 0.021 Qcm? to the total specific series resistance R,=0.9 Qcm? of
a 10.7% efficient device [12].

It was found that CulnSe, to Mo adhesion is improved if the Mo/7059 substrate is argon
ion bombarded [13] and the deposition is Cu-rich (F>>1) during the initial phase of film
nucleation and growth. Copper rich films generally adhere better, and provided that the
sputter rate is less than the deposition rate, the extra energy provided by the ion beam
should promote the formation of Mo-Se chemical bonds. This method was successfully
applied to device 951003, at a beam energy of 70 eV, and to devices 951121 and 951124
at 200 eV (see figures 7.2, 7.3). The approximate sputter rate as a function of beam
voltage is shown in figure 7.8. This was determined experimentally by monitoring the
microbalance crystal frequency while sputter etching the accumulated Cu+In+Se mixture
from the surface of the crystal. The order of magnitude of the ion beam current density J;o,
at the crystal can be estimated using

J

ion

=~ (mass etch rate per unit area)
YM

where Y is the sputtering yield (sputtered atoms/ion), M is the mass of the sputtered
atoms and q is the electron charge. Assuming Y = | at 600 eV ion energy [14],
M = atomic mass of Se and using a mass etch rate of 7x10-® gcm-2s'! from figure 7.8, we
obtain Ji,, = 85 pAcm2. This can be compared with J;, = 250 uAcm2 calculated for a
20 mA ion current, assuming that the beam cross-section diverges to 10 cm diameter at
the plane of the crystal. From the data in Appendix A, for 951003, 951111, and 951124,
the typical film deposition rate is 3.6 x107 gcm2s!, which is much greater than the
maximum sputter rate measured.

All CulnSe; films deposited on Mo/soda-lime adhere well, without any special bonding
techniques. This may be due to better matching of the thermal expansion coefficient of
CulnSe; (8.32x10 and 7.89x10% K-! for a and ¢ axis, respectively [15]) to soda-lime
glass (9.2x10¢ K-1) than to 7059 glass (4.6x10% K'1). Another possibility is that the
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sodium which diffuses through the Mo from the substrate chemically assists adhesion [5].
This is in agreement with the fact that all CulnSe, films deposited on NaOH/Mo/7059
adhere well, with the exception of 960314 where only 30% of the film area adhered on the
half of the substrate coated with 1% NaOH. In the case of cell 960120, the CulnSe,
peeled everywhere, except for the 1/4 of the total film area where 3.5% NaOH was
deposited. For 960113, 100% adhesion was obtained on the half of the substrate area that
had been dipped in NaOH/ethanol solution, whereas the indium rich portion of the sodium

free half peeled off.

The rate at which sodium diffuses through Mo depends on the crystallite packing density
of the Mo film. Mo films sputter deposited at 10 mTorr argon pressure are more porous
than those deposited at 0.5 mTorr. SIMS profiles have shown that during CulnSe,
deposition at 450 °C on the Mo film, Na accumulates at both CulnSe, surfaces, with up
to 10% Na in the 20nm thick region near the CulnSe; top surface [16]. The final Na
impurity level in the CulnSe; does not depend on the porosity of the underlying Mo film,
which suggests that the limits to Na transport are thermodynamic, rather than kinetic .

As shown in figure 7.17 below, the sodium containing devices (951207, 960120, 960314)
have somewhat lower specific series resistance than those deposited on Mo/7059
substrates without sodium doping. This could be because Na increases the net acceptor
density in the CulnSe; [17]. This would lower the bulk CulnSe; resistance, as well as the
contact resistance at the Mo.

7.2.3 Improving the CdS Films

Many solar cells were ruined by the deposition of a low quality CdS window layer. The
first CdS films were deposited without a shutter between the substrate and the CdS
source, so that the surface was exposed to out-gassed impurities during the initial CdS
source warm-up. The solar cell J-V curves were basically straight lines (ohmic), probably
because of large interface recombination current. After the installation of a preliminary
crude shutter in the CdS system, diode type J vs.V curves and a S to 10 fold increase in
energy efficiency were obtained (see appendix C).

Next, the CdS vacuum system was dis-assembled, in order to clean the system, repair
leaks, install additional thermocouple feed-throughs, install type (f) sources for both the
CdS and indium doping sources, install a rotary mechanical feed-through for the shutter
and a properly designed hot wall enclosure. Even after these improvements, uniform CdS
films of a specified thickness and conductivity could not be deposited reproducibly. The
problem was solved after the aluminum contact heater block was removed and replaced
with a tungsten lamp radiation heater. The radiation heater allows direct viewing of the
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film nucleation and growth process when a plain glass substrate is used. A series of
experiments (950928 to 951006b, see section 6.2.3 and appendix B) revealed that uniform
films cannot be obtained with ALFA CdS, but when ESP CdS is used, uniform high
quality films are consistently obtained.

Previously, the solar cell CdS window layers had been deposited through a mask with
holes to produce a 4 x 4 array of small (8 mm diameter) cells. With the introduction of
ESP CdS, the mask was eliminated in favor of depositing one large (3.9x3.9 cm?) solar
cell, with the option of selecting a smaller area device by scribing through the
semiconductor to the Mo contact. Device 951003 was the first large area device made
with ESP CdS and the first device with energy conversion efficiency greater than 1%.

The thickness of CdS films could not be measured with a stylus type surface profiler, since
the large pressure at the stylus tip damages the film. Therefore, after CdS film 951004, the
substrates were weighed before and after deposition and the film thickness was calculated
from the measured film mass, the area, and the bulk density of CdS. The same technique
was adopted for CulnSe; (after 951025) and Mo films (after 951109).

7.3 Solar cell characterization

7.3.1 Heterojunction Energy Diagram and Circuit Model

An idealized energy diagram of a CulnSe,/CdS heterojunction solar cell is shown in figure
7.1. The difference in the energy gaps of the two compounds requires that there be a
discontinuity at the metallurgical interface in either or both of the bands. Estimates of the
conduction band discontinuity AE, (in eV) taken from the literature are given in table 7.2,
where AE. > 0 indicates that the conduction band minimum at the interface is higher in
the CdS than in the CulnSe; (i.e. a "spike" occurs in the conduction band).

As seen in table 7.2, there is considerable uncertainty in the value of AE.. In figure 7.1,
AE.= 0 is assumed. The presence of a "spike" in the conduction band ( AE. > 0), does not
necessarily result in poor solar cells. Numerical solutions of Poisson's equation and the
continuity equations for the heterojunction [18, 19] show that, for the assumption of
transport dominated by recombination either at the interface or in the CulnSe, depletion
region, solar cell efficiency is not significantly affected for 0 < AE. <0.4 eV.

For photon energies less than the band gap of the CdS window (2.4 eV) and greater than
the bandgap of the CulnSe, absorber (1 eV), carrier generation takes place in the
absorber. Since CulnSe; has a very high absorption coefficient, most of the generation
takes place in the absorber depletion region. This is contrary to the case of indirect gap Si
solar cells, where most generation takes place outside the depletion region, so that large
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minority carrier diffusion lengths are needed for good quantum efficiency. For photon
energies greater than the CdS bandgap, most holes generated in the n-CdS window layer
do not reach the junction because the optical absorption length and hole diffusion length
are much less than the window layer thickness. The large energy barrier in the valence
band prevents significant hole transport from the p to n side of the junction, even if the
device is forward biased. Thus electrons dominate transport across the junction.

Table 7.2: Measurements of Conduction Band Discontinuity AE.

AE. (eV) Method used to determine AE, Ref.
—-0.08 | extrapolate V,. vs. T to T=0, to determine diffusion potential. [20]
-0.28 | difference between electron affinities of CulnSe, and CdS [23]
—-0.03 | determine valence band discontinuity AE, by measuring valence f21]

band maxima relative to Ge by synchrotron-radiation
photoemission as Ge is deposited on single crystals of the
compounds, then calculate AE. from AE, and the energy gaps.
1.08 determine AE, by monitoring synchrotron-radiation photoemission | [22]
spectrum as CdS is deposited on single crystals of CulnSe,

0.31 calculated by linear augmented plane wave method [23]

0.28 ultraviolet light photoelectron spectroscopy to determine valence [24]
band maxima relative to Ge, as in [21}

0.7 synchrotron-radiation photoemission as CdS is deposited on [25]
CulnSe, single crystals cleaved in vacuum

0.32 | x-ray photoemission spectroscopy while sputtering through [26]

CdS/CulnSe, heterojunction

For a given carrier generation function and boundary conditions, the transport equations
for electrons and holes are solved to obtain the carrier concentrations n and p. The total
current density J(V) can then be calculated as the sum of the diffusion and drift
components of electron and hole current at any convenient plane parallel to the junction. If
the diffusion constant, electric field and minority carrier lifetime are independent of carrier
density, then the transport equations are linear in carrier density. In this case the carrier
densities at any point can be written as the sum of the densities due to processes which
occur in the dark and processes which occur in the light, and the current density J(V) can
be considered as the superposition of dark and light current densities [27]. In general the
light current is bias voltage dependent, but in the case of an ideal solar cell, it is assumed
to be independent of bias. An illuminated ideal solar cell is modeled as a diode, forward
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biased by a parallel-connected, constant current source which represents the light-
generated current. The current density vs. voltage relation for the ideal solar cell is

1(V)=15(V)-Jp (7.1)

The diode current density Jp is independent of light intensity, and the light current density
Jp is proportional to light intensity (for a given spectral distribution) and independent of
bias voltage. A good quality single crystal Si solar cell is represented well by the ideal
model. For the Si cell, the diode current transport is dominated by minority carrier
injection into the quasi-neutral regions (QNR), and subsequent diffusion and
recombination in the QNR. (Shockley diode model [28]).

In many non-lattice-matched heterojunctions such as CdS/CulnSe,, the quantum efficiency
and therefore the light current density, depend on bias voltage, so that

H(V)=15(V)-1.(V) (7.2)
A realistic solar cell model must also include shunt R, and series R, specific resistances.

With shunt and series resistance included the solar cell current is given by:
V-JR,

I(V)=Jp(V-IR,)+ -1 (V-1R) (7.3)

|4
For cases where the shunt current dominates the current flow at small V, the shunt
resistance R, can be obtained from the slope of the dark J vs. V at V=0:

dJ 1

dViv, R,

For good quality CulnSe,/CdS cells, the dominant diode current transport mechanism is
believed to be carrier recombination in the CulnSe, space charge region [19, 29, 30], not
interface recombination or minority carrier injection into the QNR. As seen in figure 7.1,
the CulnSe;, absorber is inverted at the interface (from p to n type) so that most interface
states are below the Fermi level and therefore occupied by electrons. The interface
recombination rate is thus controlled by the hole concentration at the interface. The hole
concentration at the interface is small because of the absorber inversion, and because holes
generated in the absorber are drawn away from the interface by the space charge electric
field. For transport dominated by electron recombination via gap states in the absorber
space charge region, the diode current density is given by

1I,(V)= Jo[exp(quy_—r—)— 1) =], exp(—%)(exp(:;{r) - 1) (7.4)

where E; is the CulnSe; energy gap, A is the diode ideality factor with A=2 for
recombination states at mid-gap and 1 < A < 2 for an exponential distribution of states
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[29]. For the case of mid-gap recombination states, Joo is proportional to the density of
gap states, and varies slowly with temperature [11].

7.3.2 Measurement of Current vs. Voltage characteristics:

The current vs. voltage data were obtained using the apparatus shown in figure 7.9. The
current flows through four parallel connected platinum wires at the top Ni grid, and three
alligator clips at the Mo back contact. Separate voltage measurement probes were used,
so that the voltage drops across the resistances of the current sourcing wires and contacts
to the cell are not included in the measured voltage. A rudimentary solar simulator,
consisting of a 75 watt tungsten-halogen flood lamp and a water infra-red filter was used.
The height of the lamp above a small (0.5 cm?) CulnSe,/CdS reference solar cell was
adjusted so that the short circuit current at the maximum intensity position in the
horizontal plane containing the cell, is equal to the short circuit current measured in bright
sunlight with the same cell. This intensity is then referred to a commercial Si photodiode
(Hamamatsu S1226-8BQ, 0.34 cm?) for subsequent calibrations. Since the intensity
decreases as one moves away from the lamp optical axis, for larger cells the simulator
tends to produce a somewhat lower integrated intensity, and hence a lower light current
than would actually be obtained in sunlight. The simulator is equivalent to AM1.5 (83.18
mWcm2 [10]) sunlight , with uncertainty +0%, —30%.

Figures 7.10-7.15 show the external current density J vs. applied external voltage V for
CulnSe,/CdS solar cells at room temperature, both in the dark and under illumination with
the solar simulator. J is determined by dividing the total current measured at the cell
terminals by the total junction area. J-V plots immediately before and after annealing in air
for 15 minutes at 190 °C are shown.

7.3.3 The Effect of Air Annealing

The improvement in cell performance after air annealing is attributed to passivation of Se
vacancy donor defect states Vg. at the CulnSe, grain surfaces by oxygen [31,32].
Selenium vacancies at the CulnSe;, surface donate two electrons which are delocalized by
recombination with valence band holes in the case of p-type material, or by direct
admission to the conduction band in n-type material. The release of the two electrons into
the band results in a localized positive surface charge at the In atom associated with the
Vs.. The oxygen atoms of a physisorbed O, molecule can each acquire two electrons from
the band, and with thermal activation, become chemisorbed by two In-O chemical bonds
at the In atoms of a pair of adjacent Vs, sites. Thus the originally donated electrons are
removed from the band and incorporated into the In-O bonds. The two donor defects are
effectively eliminated.
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Figure 7.9

(a) J—V test connections. Voltage polarities are shown
for forward bias in the dark. The platinum probe wires
are positioned with micro—manipulators (not shown).

(b) The solar simulator used for indoor tests. The height
of the lamp is adjusted to give intensity such that the
short circuit current of a CulnSe,/CdS standard cell is
the same as in bright suniight.
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The passivation of the Vs, defects improves the overall photovoltaic properties of the film
[33]. Since p-CulnSe; films are highly compensated, the reduction in donor defect density
results in an effective increase in acceptor density. The removal of some of the positive
surface charge lowers the energy barriers to hole transport across grain boundaries, and
the minority carrier recombination rate at the grain boundary surfaces is reduced.

Solar cells made with CulnSe, formed by selenization of the metals in 1 atm H,Se at
400 °C do not require air annealing for optimization, since the Se over-pressure ensures
that the Vs, density is much lower than in the case of three source evaporated films [34].

As seen in figures 7.10-7.15, the J-V curves change from a nearly ohmic J-V before heat
treatment to a rectifying characteristic after heat treatment. According to [35, 36],
immersion of solar cells in hydrazine (N;H,, an oxygen scavenging liquid) for about 3
minutes reverses the effect of the air anneal and returns the J-V curves to the original pre-
annealed state. The cycle of reduction in hydrazine and oxidation in air can be repeated
several times, with J-V alternating between ohmic and rectifying states.

On May 29, 1996 after approximately 6 months storage, cell 951207 was tested in
sunlight. The J-V curve (figure 7.19 e) had not significantly changed from the original J-V
data taken immediately after the first air anneal at 190 °C in December 1995 (figure 7.13
(a)). Device 951209 was also tested outdoors, but showed a substantial increase in reverse
saturation current relative to figure 7.13 (b).

On June 26, 1996, after a failed attempt at measuring the junction capacitance, a repeat J-
V test revealed that device 951207 had become nearly ohmic. At the time this was
attributed to a new shunt path at the cell edges, but careful examination failed to reveal its

location.

On February 13, 1997, about one year after the first air annealed J-V data of figures 7.10-
7.15 were taken, the dark J-V curves were measured again. The J-V for 951207 was still
ohmic, and device 951209, also on soda-lime glass, had also changed to an ohmic state.
The devices (960314, 960113, 960120) deposited on sodium-free 7059 glass, with added
NaOH, had also approached an ohmic state. A second, 20 minute air anneal at 190 °C
returned the J-V data for all devices to the rectifying state. The dark J-V data
immediately before, and after, the second air anneal are shown in figure 7.16. Device
960120 showed only a slight change over the 1 year period, and was therefore not
annealed a second time. Sodium free devices on 7059 glass showed no discernible change
over the one year period, and were therefore not annealed a second time.

It seems that a spontaneous reversal of the effects of the first air annealing takes place in
the sodium doped devices over a period of months. This is perhaps analogous to the



-0.4 -0.2 0.0

1 I 1 i ¥ l L ] 1
- -
= .
B cell 951207 7
s / —
7~
- L yd -
yd
2r - Cell 951209 T
0 —_
C 7 /
O - -
° - /
= / i
Q B cell 9601}3 /
t —
> // - -
O ~
| ~ -
~
~ B -~ cell 960120 7
I N R ]
NPT
O - ..
<C
E - -
O a cell 960314 ]
N ]
o
— / - —
/
- 7~ = -
IR R B ! | TS I

-0.4 -0.2 0.0 0.2 0.4
Bias voltage V (voits)

Figure 7.16

Dark J vs. V of sodium doped CulnSe,/CdS solar
cells approximately one year after first air anneal
(broken lines) and immediately after repeating air
anneal (solid lines). Cells without sodium did not
degrade during the year after the first anneal.

171



172

oxidation/reduction ‘cycle described in [35, 36]. Recent experiments with Cu(In,Ga)Se,
films suggests that chemical reactions involving water adsorbed from humid ambient air
and Na may affect the long term stability of solar cells [37]. This is consistent with the fact
that the local weather was hot and humid in the interval May 29 to June 26 1996, during
which time the J-V curve for 951207 became ohmic.

The optimum air annealing temperature is about 200-225 °C, as determined by a series of
1 hour anneals at progressively higher temperatures, from 125 to 350 °C, at 25 °C
intervals, and above about 275 °C, there is a rapid reduction of the short circuit current
and open circuit voltage [38]. Auger electron spectroscopy depth profiling shows that at
220 °C, significant interdiffusion of S and Se takes place, and above about 350 °C, rapid
Cd diffusion occurs [39]. The nominal annealing temperature used here is 190 £ 5 °C.
The substrates were placed inside an oven on a thick aluminum plate, held at the nominal
temperature, as measured by a thermocouple fastened to the plate.

7.3.4 Evaluation of Diode Parameters From Measured J-V Data

The values for A, J; and R; can be determined from the post-anneal dark J-V curves of
figures 7.10-7.15, by using the procedure described in [29]. In the dark and assuming a
large shunt resistance (i.e. Ju= 0 and R, — =), equations 7.3 and 7.4 show that

q(V-IR,)
J=] _ 1 7.5
o[exp( AKT ) ) (7.5)
Solve for V and differentiate to obtain
dv AKT
—=R, +———= 7.6
dJy i q(I +Io) (7.6)

For forward bias, J >> Jj, so that according to equation 7.6, the slope and dV/dJ intercept
of a plot of dV/dJ vs. 1/T can be used to estimate A and R, respectively. These plots are
shown in figure 7.17 for eight solar cells, at room temperature in the dark, with A and R,
values tabulated.

Equation (7.5 ) can be used to show that
q
IniJ+J,)=In{J,)+ V-JR 7.7
( 0) ( 0) 'IT( s) ( )

Again, since J >> J in forward bias, the slope and log(J) intercept of a plot of log(J) vs.
V-JR, can be used to estimate A and J,, respectively. The plots are shown in figure 7.18,
for the R, values of figure 7.17. Estimates of A and J, (in pAcm?) are tabulated.
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Figure 7.17

dv/dJ vs. 1/J for several CulnSe,/CdS solar cells
in the dark at T=295 K. The dV/dJ intercept is
equal to R,. The slope is equal to AkT/q.
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log(J) vs. voltage for CulnSe,/CdS solar cells in
the dark at T=295 K. The J intercept is at J,.
The slope is proportional to q/AkT.
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Comparison of the tabulated data of figures 7.17 and 7.18 confirms that similar A values
are obtained by both graphical methods.

7.3.5 Solar Energy Conversion Efficiency

The solar energy conversion efficiency n(V) is defined as the ratio of the electrical output
power from the cell, divided by the total solar input power. This can be written in terms of
J, V and the total solar irradiance P, (mWcm-2) as
~IV (-1v)
V)= — and = —m
n(Vv) 3 e >

For the J vs. V sign convention used here, —JV is the power density output (mWcm2)
from the cell to the external circuit. Since an accurate solar simulator was not available,
J vs. V curves for a few of the best CulnSe,/CdS cells, and a commercial silicon cell, were
measured outdoors in direct sunlight, with estimated cell temperatures in the range 20 to
30 °C. Because it was necessary to move the J vs. V apparatus outdoors, a portable
analog x-y plotter was used to record the data, which was later converted to digital
format. The current density J, calculated electrical output power —JV, and conversion
efficiency n as functions of cell bias voltage are shown in figure 7.19. The maximum total
area efficiency for each cell is calculated assuming that the solar irradiance is equal to the
standard AM1 spectrum (air mass 1, 95.62 mWcm2? [40]). The best CulnSe,/CdS cell is
951207 with total area 14.36 cm? and total area efficiency of 4.8%. The active area
efficiency is 5.62%. This can be compared to published data for CulnSe,/CdS cells with
thick CdS window layers and no anti-reflection coating: Nm.x = 6.6%, area = 1.2 cm?
[20] and M = 8.67 %, area = 1 cm? [41] (whether active or total area was not
specified). As shown in section 7.3.8 below, the quantum efficiency of each cell varies
with substrate position, so that in principle, higher energy conversion efficiency can be
obtained by selecting a small test cell from the region with the highest quantum efficiency.

7.3.6 Junction Capacitance Measurements

The Anderson heterojunction theory [42] is an extension of the standard homojunction
theory. Define a coordinate axis z, perpendicular to the plane of the junction, such that
z = 0 is at the boundary between the CulnSe, and CdS, and positions z > 0 are in the
CulnSe,. Define the following quantities, where the index "1" refers to CulnSe; and "2" to
CdsS:

z,, z, are widths of space charge region in each semiconductor.
N, is acceptor density, N, is donor density.
w(x) is the electrostatic potential in the semiconductor.
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V for CulnSe,/CdS cells and a crystal Si

cell in sunlight. Bottom: output power density vs. V,
total area efficiency vs. V assuming AM1 sunlight.
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p is the space charge density.
€1, € are the semiconductor permittivities.
Vq is the diffusion potential, V is the applied bias voltage.

The electric field outside the space charge region is zero, so that from Gauss's law

-qN;z1+qN,;z; =0 (7.8)

2

Integrate Poisson's equation %Z—\zu= -2 fomz-= z; to z = -z, with the boundary
€

conditions %% =0atz=2z and z = -z;; y(z;) = 0, y(-z;)=V¢-V and y continuous at

z=0. We obtain

2 2
(ﬁi+ﬁﬁj (7.9)

v,-v=1
& 2

2

Substitute for z, or z; in equation (7.9) using equation (7.8) to obtain

2\ V, - 20V, -V
N} —+ qQN;| —+
gN, ¢g,N, gN;, &N,

The junction capacitance per unit area is given by

(7.10)

_d - q
C=—(aNiz)= 1 1 (7.11)
2( + )(vd—v)
g, N, ¢g,N,

A plot of C-2 vs. V has slope = 2—( L + L ) and intercept Vy. If the CdS donor
q\&,N, &N,

density N; is known, or if N, >> N, the slope can be used to determine N;.

The electric fields E; in the CulnSe; and E; in the CdS at z = 0 are obtained by

integrating Poisson's equation with the boundary condition %‘i- =0atz=2zI1 and z=-22

_aNgz _ | 2q(V,-V) 2q(V, — V)

(Eeo = e = 1 ] and (E;),,, = ] ]
1 82 + 62 —+
v l (SINI g,N, ) : gN, ¢gN,

Plots of C-2 vs. V are shown in figure 7.20, with the slopes and intercepts tabulated. The
CulnSe; acceptor density N; and space charge region thickness z, can be estimated.

(7.12)
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Inverse square capacitance 1/C? vs. bias voltage
for CulnSe,/CdS solar cells. Least squares fits to
points V0 only. Note multiplication by 1/10 and
10 of data sets (a) and (d), respectively.
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The results are tabulated in table 7.3 below, for a CdS donor density N,=1.6x10!% cm—3
(see section 6.2.4) , g; = 15.6g4 and £, = 8.78¢, [43].

Table 7.3: Acceptor Density N, and Depletion Width z, in CulnSe, Absorber Layer

sample # slope intercept N, z; at V=0
(miF2V-1) (volts) (cm™3) (um)
951207 -1.5x108 0.44 6.0x1014 1.13
960314 ~-1.3x107 0.25 7.1x1013 0.25
951111 -7.9x106 0.002 1.2x1016 —
960120 -2.1x10% 0.31 8.4x1017 0.018

7.3.7 Solar Cell Spectral Response
According to the collection probability method [44], the total light current of the solar cell
can be determined by the integral

JL(v)=_[jg(z,x}f(z,v)dzdx (7.13)

Here g(z,)) is the spectral generation rate at position z and f{z,V) is the minority carrier
spatial collection probability at z. It can be determined by solution of the minority carrier
transport equations for a very localized &-function type generation rate. An exact
expression for the spatial collection probability has been determined for an ideal p-n
homojunction [45].

For the specific case of a CdS/CulnSe; solar cell with a thick window, the product of
collection and generation in the CdS window layer (z < 0) is negligible. For incident
spectral photon flux density ®(A), transmittance through the window T(A), a
homogeneous absorber of thickness d and absorption coefficient a(A), we have
g(zA)=a(A)T(A)D(A)exp(-c(X)z), so that the total light current density J; (V) is given by

1.(V)= q]jT(k)a(k)db(l)exp(—a(l)z)f(z,V):lde (7.14)

The quantum efficiency Q(A,V) is the ratio of the electric current density element dJ; to
“photon current” density element q@®(A)dA due to incident light in the wavelength range A
to A+dA.

dJ, (v)

N (L)) exp(~a(A)2)e(z, V)dz (7.15)

QA V)=
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The system based on the Cary 17 spectrophotometer, shown in figure 5.3, was used to
measure solar cell quantum efficiency spectra. The spectra for solar cell 951207
illuminated at three different points, at zero bias, and at one position and four different
bias voltages are shown in figure 7.21. The spectra of cells 960120 and 960314 at
different applied bias voltages are shown in figure 7.22. The spectrophotometer
illumination “footprint" is approximately 0.5 x 1 cm2.

As seen in figures 7.21, 7.22, the quantum efficiency decreases with increasing bias
voltage, and the sensitivity of the quantum efficiency to bias is approximately independent
of wavelength. Bias voltage dependence has been observed elsewhere for CdS/Cu,S,
CdS/CdTe [46] and CdS/CulnSe, [47] solar cells. Rothwarf [27,48] proposed a model in
which junction field controlled interface recombination explains the observed voltage
dependence in CdS/Cu,S. According to this model, f{z,V) = h(V)c(z), where c¢(z) is the
probability that an optically generated electron reaches the interface, and h(V) is the
probability that the electron crosses the interface into the CdS without recombining via
interface states. The probability that an electron crosses the interface is given by
h(V) = _HaEy (7.16)

u,E, +S,
Here E; is the electric field at the CdS side of the interface, p, is the electron mobility in
the CdS and Sy, is the interface recombination velocity. In the case of the CdS/Cu,S solar
cell, the p-type Cu,S absorber is heavily doped and most of the diffusion potential occurs
in the lightly doped CdS. Thus the number of interface states occupied by holes, and
therefore S;,, are practically independent of bias voltage. In the case of CdS/CulnSe,
solar cells, as mentioned in section 7.3.1, bulk recombination in the absorber depletion
region may dominate. If the bulk recombination region occurs very near the interface, then
most of the light current must traverse the high recombination region and therefore the
collection probability can still be separated into the form f{z,V) = h(V)c(2).

If we assume that all electrons generated in the depletion region drift to the interface, then
c(z) =1 for 0 < z < z;. For d-z; >> L, where L, is the electron diffusion length, the
probability that an electron generated in the absorber QNR will diffuse to the depletion
region is c(z) = exp((z,-z)/L,) for z > z,. With this c(z), we obtain

1+a(A)L, ) (7.17)

Q(A.,V);h(V)T(l)a(l)Zexp(—-a(l)z)c(z)dz=h(V)T(l)[l—

Assuming that the bias voltage dependence is due to interface recombination, we can use
equation 7.16 to estimate S;,. For strongly absorbed light, the last term in equation 7.17
can be ignored, so that Q(A,V) = h(V)T(A). For device 951207 at L = 700 nm and V =0,
we have Q = 0.67 from figure 7.21. Assuming T = 0.76 (see figure 6.8) we obtain
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Figure 7.21

Quantum efficiency spectra for solar cell 951207.
Top: Vpes = 0, probe position (u,w) as specified.
Bottom: Position (u,w)=(1.2,1) cm, V., as specified.
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Monochromator bandwidth 10 nm, chopped at 30 Hz.
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h=Q/T =0.67/0.76 = 0.882. The electric field in the CdS at V=0 is E,;=14,000 V/cm
by equation 7.12 and p, = 300 cm?V-1s! for single crystal CdS [43]. Solving equation 7.16
gives the interface recombination velocity Si; = 5.5x10% cm/s at V = 0. At V = 0.2 volts,
Si increases to 4x106 cm/s. Higher values of S, are expected for forward bias, since S;, is
proportional to the number of interface states occupied by holes, and forward bias should
increase the absorber hole density near the interface.

7.3.8 Solar Cell OBIC Images

The scanning laser system, as described in section 3.4.1, was used to obtain optical beam
induced current (OBIC) images of solar cells. The laser beam is raster scanned over the
surface of the solar cell, and the output photocurrent is amplified by a current-to-voltage
preamplifier with discrete gain settings (1,2 or 5 x 10" V/A, n = 3 to 12). The amplifier
output is digitized by an 8 bit analog to digital converter (ADC) and an 8 bit 512 x 512
pixel image is stored by a frame grabber and recorded by a data acquisition computer.
Since the ADC operates over a fixed 0 to 1 volt range, and only discrete gains are used,
the total number of distinct voltage levels in a particular OBIC image ranges from 102 to
256. The voltage scale is converted to a quantum efficiency scale by referencing to a
commercial silicon or germanium photodiode, with quantum efficiency as specified by the
manufacturer [49].

The size of the laser spot is adjusted by moving the solar cell away from the focal plane of
the objective lens. For a large laser spot diameter equal to approximately 0.037 cm and
beam power 117 uW, the intensity is 109 mW/cm?2, which is comparable to solar intensity.
The images of figures 7.23 to 7.29 were obtained using a low intensity, large laser spot,
with the intensity specified in each figure. All images are at 633 nm with a 0.037 cm spot,
except figure 7.26 which was obtained at 1150 nm with an undetermined spot size. To
obtain a clear image while minimizing light intensity, the laser spot and image pixel should
be of similar size. Since the image pixel size of the OBIC imagesis 0.015 x 0.015 cm, the
large 0.037 cm diameter spot causes some loss of resolution.

Since the electrical and optical properties of CulnSe;, are sensitive to deposition ratio F,
the quantum efficiency varies with substrate position for all of the solar cells tested. Refer
to figure 2.16 for the relevant source configurations and the corresponding constant F
contours.

Line graphs extracted from the OBIC images show quantum efficiency as a function of
position x or u at a particular y or w value. Images (not shown) were also taken at
234 uW beam power, using a focused, diffraction limited spot about 0.001 cm in diameter
and of high intensity (300 Wcm2). Line graphs taken from the low intensity OBIC images



184

Quantum efficiency of solar cell 951003
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Figure 7.23

An OBIC image of solar cell 951003. The beam power is 117 uW, the intensity is 109
mW/cm?, and the wavelength is 633 nm. Figure 2.16 (a) shows the (u,w,z) coordinates of
the Cu, In and Se evaporation sources used for the CulnSe, deposition.
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Quantum efficiency image of solar cell 951124
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Figure 7.24

An OBIC image of solar cell 951124. The beam power is 117 uW, the intensity is 109
mW/cm?, and the wavelength is 633 nm. Figure 2.16 (a) shows the (u,w,z) coordinates of
the Cu, In and Se evaporation sources used for the CuInSe;, deposition.
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Quantum efficiency image of solar cell 951207 at 633 nm
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Figure 7.25

An OBIC image of solar cell 951207. The beam power is 123 uW, the intensity is 114
mW/cm?, and the wavelength is 633 nm. Figure 2.16 (a) shows the (u,w,z) coordinates of
the Cu, In and Se evaporation sources used for the CulnSe, deposition.
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Quantum efficiency image of solar cell 951207 at 1150 nm
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Figure 7.26

An OBIC image of solar cell 951207. The beam power is 44 uW, the beam intensity is
low, and the wavelength is 1150 nm. Figure 2.16 (a) shows the (u,w,z) coordinates of the
Cu, In and Se evaporation sources used for the CuInSe, deposition.
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Quantum efficiency image of solar cell 960120
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Figure 7.27

An OBIC image of solar cell 960120. The beam power is 117 uW, the intensity is 109
mW/cm?, and the wavelength is 633 nm. Figure 2.16 (a) shows the (u,w,z) coordinates
of the Cu, In and Se evaporation sources used for the CulnSe; deposition. The CulnSe,
film peeled off everywhere except in the 3.5% sodium doped region, for w > 1 cm.
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Quantum efficiency image of solar cell 960314
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Figure 7.28

An OBIC image of solar cell 960314. The beam power is 117 uW, the intensity is 109
mW/cm®, and the wavelength is 633 nm. Figures 2.10 and 2.16 (b) show the (x,y,z)
coordinates of the Cu, In and Se evaporation sources used for the CulnSe, deposition.
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Quantum efficiency image of solar cell 960316
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Figure 7.29

An OBIC image of solar cell 960316. The beam power is 117 uW, the intensity is 109
mW/cm?, and the wavelength is 633 nm. Figures 2.10 and 2.16 (b) show the (x,y,z)
coordinates of the Cu, In and Se evaporation sources used for the CulnSe, deposition.
The cell has a single layer CulnSe; film. The film is 1% sodium doped for y > -2.54 cm.
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of figures 7.23, 7.24, 7.28, and 7.29, as well as line graphs taken from the corresponding
high intensity images, are shown in figures 7.30 and 7.31. Equation 7.15 shows that if the
measured quantum efficiency depends on intensity, as is true here, then the absorption
coefficient and/or the collection probability must also depend on the light intensity.

Quantum efficiency line graphs taken from figures 7.25 and 7.26 for solar cell 951207 are
shown in figure 7.32. The line scans show that the 1150 nm response is more uniform than
the 633 nm response. Note that the spectral response data of figure 7.21 (a,c) indicates
nearly the same quantum efficiency at 633 and 1150 nm, whereas the OBIC data generally
shows a higher response at 1150 than at 633 nm, for roughly the same positions. This
discrepancy can be attributed to the uncertainty in the published typical quantum
efficiencies of the detectors used for calibration [49], as well as the undetermined spectral
variation of the external mirror reflectances and PbS detector gain, in the apparatus of
figure 5.3. The generally uniform and high quantum efficiency of 951207 is consistent with
the relatively high energy efficiency of this device.

Solar cell 960316 was made with a single layer of CulnSe,, for the specific purpose of
using OBIC to determine the sensitivity of the quantum efficiency to F. In figure 7.31,
one can see that the quantum efficiency at low intensity exceeds 50% of its maximum
value only for 1.085 < F < 1.105. This suggests that, based on photocurrent
considerations alone, in order to obtain reasonably efficient solar cells, the control of the
Cw/In ratio for a single layer deposition process must be accurate to considerably better
than £1% over the solar cell area. This is extremely difficult to achieve by co-evaporation
from independent Cu and In sources. With the particular geometry of figure 2.10, and
film area 3.9 x3.9 cm?, it is not possible.

The interpretation of the OBIC images for two layer films is less obvious. As described in
section 2.4.3, intermixing occurs between the bottom copper rich layer and the top
indium rich layer. As shown in figure 4.6, the conductivity of a two layer CulnSe; film
(960308) is much less sensitive to F than is the conductivity of a single layer film
(960229), at the same conductivity. The quantum efficiency of solar cells made with a two
layer CulnSe, absorber also shows a similar reduction in sensitivity to F. The difference in
sensitivity can be seen by comparing figure 7.30 (a), 7.31 (a) and 7.32 for two layer
films, with figure 7.31 (b) for a single layer film. Comparison of the sodium-doped and
sodium-free portions of figure 7.29 shows little change in F sensitivity due to sodium.

As shown by equations 7.14 and 7.15, a high quantum efficiency over the spectral
response range of the solar cell is necessary in order to obtain a large light current density
JL when the solar cell is illuminated with sunlight. Since the maximum solar cell output
power density is given by (-JV)m.y, where J is given by equation 7.3, the maximum energy
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Deposition ratio F
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Quantum efficiency vs. substrate position x for solar
cells at laser intensity 109 mWcm™ (solid lines) or
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conversion efficiency Nmax (see section 7.3.5) depends on Jp, R, and R; as well as J.. Thus
a high quantum efficiency is not a sufficient condition for high energy conversion
efficiency, and therefore the OBIC images at 633 or 1150 nm cannot be interpreted as
solar cell energy efficiency maps.

The small round spots visible in figures 7.23 and 7.24 might be explained as follows.
During the growth of CulnSe; films, a flake of condensed Cu+In+Se mixture may
occasionally fall from an overhead surface into the hot Cu or In source and flash
evaporate. This could cause ejection of droplets of source material up to the substrate. A
spot seen in the OBIC image would correspond to a different Cu/In ratio at that location,
and a corresponding shift in quantum efficiency.

The practical lower limit on laser power during an OBIC image measurement is
determined by external noise sources. Nearby electronic equipment induces a noise current
in the unshielded wires connecting the solar cell, and there is some stray light. The beam
power used here is the minimum required for a satisfactory signal to noise ratio.

7.3.9 Photoluminescence Spectra of Solar Cells

Photoluminescence spectra were measured for the sodium-free solar cell 951124 at
T =85 K, using the same apparatus as described in section 3.6. Measurements were taken
at points along the line w = -0.05 cm, which is approximately the same line as in figure
7.30 (b). The spectra vs. position at zero bias are shown in figure 7.33. The positions of
greatest photoluminescence emission, at u = -0.97 ¢cm and u = -0.73 cm, also have the
highest quantum efficiency. The CulnSe, emission band at about 1460 nm is observed at
all positions, with varying intensity. A shorter wavelength emission at A < 1200 nm is
seen at u = -1.45, -0.97 and -0.73 cm. The emission vanishes.as u increases and the F
value decreases. As indicated in 7.34 (b), it is also present at room temperature (T = 300
K). The observed emission may be the long wavelength tail of the 1.30 eV radiative

transition between the CdS conduction band and Cd vacancies (electron acceptor; Vg,

before, and ng after hole capture) in the CdS, which is known to occur at room
temperature [50, 51]. The 633 nm excitation is well below the CdS band-gap, so there can
be no band-to-band absorption process in the CdS. Since the 633 nm light is strongly
absorbed in the CulnSe;, most free electrons are generated within the space charge
region. The junction electric field draws these electrons toward the CdS/CulnSe,
interface. A fraction of the electrons recombine with holes in the CulnSe; via gap states
in the bulk, or via interface states. Most electrons cross the interface into the CdS
conduction band. Some excess electrons in the CdS conduction band make the radiative

transition to the V,. There may also be direct transitions from the CulnSe, conduction
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Photoluminescence spectra at different positions u
at w=-0.05 cm of solar cell 951124. T,,=85 K
Excitation 1.33 mW at 633 nm, chopped at 330 Hz.

Note different vertical scales.
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band to the V¢,. The fact that the CdS emission intensity increases as the underlying
CulnSe; becomes more Cu-rich (figure 7.33 a, b, c) suggests that Cu atoms that have
diffused into the CdS from the CulnSe; could also cause the luminescence. A Cu atom on
a Cd site in CdS acts as an acceptor level at about 1 eV above the valence band.
Photoluminescence at about 1.2 eV due to electron transitions from the conduction band
to Cu?, has been observed in CdS:Cu [52]. Thus the observed emission could be due to

Cucy or Vog. The interpretation of the data is similar in either case.

The spectra at various bias voltages are shown in figures 7.34 (b) and 7.35, at three
different positions. The CulnSe, photoluminescence signal increases as the bias voltage
increases. Forward bias reduces the space charge electric field and should increase the
steady state free carrier densities n, p in the CulnSe, space charge region near the
interface. Following the model of section 3.6.5, this would also increase the neutral defect
densities n;, p; and the radiative recombination rate.

The quantum efficiency measurements described in section 7.3.7 show that, in forward
bias, a large fraction of the photocurrent is lost to recombination. Since the
photoluminescence yield is very small, radiative recombination alone cannot account for
the reduction of photocurrent under forward bias. Although the quantum efficiency and
photoluminescence yield are both affected by bias voltage, they must each be controlled
by different recombination processes.

As seen in figure 7.34 (b) and 7.35 (a), the radiation from the CdS is not significantly
affected by bias voltage. This could be because at the excitation intensity used, the CdS
radiative recombination rate is saturated and controlled by the density of holes in the
CdS, not the density of electrons. Since the CdS is more heavily doped than the CulnSe,,
most of the electrostatic potential drop and band bending occur in the CulnSe,, so that a
change in bias voltage does not cause much change in the CdS hole density near the
interface.
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Chapter 8
Summary and Conclusions

8.1 CulnSe, Films

8.1.1 Film Deposition

A three source co-evaporation system was developed to deposit CulnSe, thin films for
solar cells. The system uses temperature controlled sources, each calibrated with the same
quartz oscillator microbalance. In order to obtain reproducible film compositions, the
source crucible temperatures should not deviate from the calibration temperature by more
than about £1 °C during a deposition. The symmetrical placement of the Cu and In
sources and the microbalance relative to the substrate (see figure 2.16 b) simplifies the
calibration of the sources for a required deposition ratio F at the substrate, and provides a
controlled stoichiometry gradient in the finished films.

The expected Cu and In atomic deposition rate ratio F was calculated for an assumed cos6
flux distribution from the sources. This is compared with the Cu/In ratio measured by
EDX in some representative films. The measured Cu/In is lower, and has a larger variation
across the substrate, than is predicted by F. Because of concerns about a possible In-rich
segregated surface layer affecting the EDX measurements, and since it was not convenient
to perform EDX measurements on each CulnSe, absorber before deposition of the CdS
window layer, the deposition ratio F is usually reported. The measured Cu/In ratio is less
than F, and varies over a larger relative range than does F, as shown in figure 2.14. A least
squares linear fit is used to predict the expected EDX measurement of the Cu/In ratio, at

any given F.

8.2.1 Film Characterization

In all of the thin film x-ray diffraction patterns, the relative intensity of the (112) reflection
is much greater than in a powder diffraction pattern [1]. Therefore, there is a preferred
grain orientation with the (112) plane parallel to the substrate. Single layer Cu-rich films
have sharper, more intense diffraction lines than do the single layer In-rich films, which is
consistent with the fact that larger grains are observed in the SEM images of the Cu-rich
films. The diffraction lines indicating the chalcopyrite ordering of the Cu and In atoms are
most easily observed with films deposited by the two layer, two temperature method (see
figure 3.3).

205



206

In-rich single layer films have small grains and high specular reflectance, whereas Cu-rich
films have large grains and lower specular reflectance. This change in morphology with F
is easily seen by eye or in a specular reflectance image such as figure 3.6.

The presence of a small amount of NaOH on the 7059 glass substrate used in a Cu-rich
deposition results in 2 film with large grains and a relatively smooth surface. The
smoothing effect of the NaOH on film 960308 is seen in the specular reflectance image of
figure 3.7. The sodium doped smooth region of the film is ideal for optical transmission
measurements using a standard dual beam spectrophotometer. The resulting transmission
spectrum (figure 3.11) clearly shows the expected transmission cut-off at the band-gap
energy. The absorption coefficient is calculated from the transmission data and the energy
gap is found to be 1.014 eV for a two layer film (960308), and 1.008 eV for a single layer
Cu-rich film (960309), both sodium doped. These values are in good agreement with the
photoconductivity maximum at 1.012 eV for film 960308 (figure 5.7). Some values of
energy gap reported in the literature are 1.04 eV [2] and 1.01 eV [3] for single crystals,
and 0.95-1.01 eV for polycrystalline thin films with 0.58 < Cu/In < 1.08 [4].

The photoluminescence spectrum and the emission intensity of the two layer film 960308
are very sensitive to small variations in stoichiometry. The highest emission intensities and
the highest emission energies were observed at the most In-rich zones of this film (figures
3.19, 3.20). The photoluminescence emission intensity at the In-rich sodium doped zone is
roughly five times greater than at the corresponding sodium free zone. For both zones, a
rapid decrease in emission intensity is observed as the temperature is increased. This
suggests that at higher temperatures, more optically excited excess carriers recombine via
a competing thermally activated non-radiative process.

The conductivity of a single layer film (figures 4.2, 4.5) is very sensitive to F. Hall effect
measurements show that this is due mostly to the large variation in carrier density (figure
4.3), while the mobility (figure 4.4) is less affected by F. For a single layer film, a
transition from n to p-type transport is observed as F is increased. The electron mobility is
higher than the hole mobility, and both are thermally activated, as expected for a
polycrystalline film. The effective doping densities depend on the concentration and type
of intrinsic defects present. Because there are three elements, the defect chemistry is
complex [5], and the density and energy of the defects are difficult to determine
accurately.

The two layer films have a relatively constant conductivity over a range of F (see figure
4.6). This is probably due to the presence of segregated stoichiometric and indium rich
layers. Since little current flows in the high resistivity In-rich layer, the conductivity of the
stoichiometric layer is what is actually measured.
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A single layer film (960229) deposited at 350 °C is a poor photoconductor with very low
gain, and at the higher conductivity film zones, any photoconductivity signal is hidden by
the signal caused by the conductivity changes due to laser heating. The two layer film
(960308) deposited at maximum substrate temperature 450 °C has a photoconductivity
gain approximately 100 times greater than that of the low conductivity zones of the single
layer film. Because of the higher photoconductivity gain of the two layer film, a variety of
photoconductivity measurements are practical. These include the variation of the
photoconductivity spectrum with temperature and bias light, and the transient response.
The sodium doped zones have a large transient photo-current, and each has a spectral
response maximum at a photon energy approximately equal to the energy gap (figure 5.7).
In the sodium doped films, a deep electron trapping level may explain the large transient

photo-current.

In general, the CulnSe, films deposited by the two layer, two temperature process
demonstrate many of the properties expected for a 1 eV direct band-gap semiconductor.
The initial Cu-rich deposition and the high final substrate temperature (450 °C) promote
the growth of larger, higher quality chalcopyrite crystallites than are obtained by the lower
temperature (350 °C) single layer deposition method.

8.2 CulnSe,/CdS Solar Cells

8.2.1 Solar Cell Fabrication

A radio frequency sputtering system is used for the deposition of the Mo ohmic contact
to the p-CulnSe;,. In order to obtain the highest conductivity Mo films, bias sputtering is
used to minimize the impurity concentration and the density of voids. Stronger adhesion to
the glass substrate is obtained if the first fraction of the film is deposited with zero
substrate bias voltage.

Since CdS decomposes to Cd vapor and S vapor upon evaporation, a hot wall deposition
system is required for the growth of the CdS solar cell window layer. The hot wall
enclosure ensures that the Cd partial pressure is sufficiently high for the nucleation and
growth of CdS on the substrate. Careful control of the temperatures of the hot wall, the
substrate and CdS source is essential. There is evidence that the film nucleation process is
very sensitive to the purity of the CdS source material.

In order to produce energy efficient devices, the Mo, CulnSe; and CdS films must each
be of good quality. The Mo contact layer must be of high purity, so that the valence band
energy barrier and the contact resistance at the p-CulnSe; are minimized. The CulnSe;,
absorber should have large, columnar chalcopyrite grains, in order to minimize minority
carrier recombination at grain boundaries, and it must adhere well to the Mo contact. The



208

In doped CdS window should have sufficient thickness and conductivity to ensure low
solar cell series resistance, and it must have high transmittance. The AI/Ni top contact
grid should contribute little to the total series resistance, while shadowing only a small
fraction of the total cell area.

The two layer CulnSe, films frequently fail to adhere to the Mo when 7059 glass
substrates are used, whereas the CulnSe, adheres well to Mo deposited on soda-lime
glass. Ton beam bombardment during an initial Cu-rich deposition enhances the CulnSe,
adhesion to Mo on 7059 glass. A small amount of NaOH on the Mo also improves
CulnSe, adhesion to Mo on 7059 glass.

8.2.2 Solar Cell Characterization

The interpretation of electrical measurements on large solar cells is complicated by the fact
that the Cu/In ratio in the CulnSe, layer varies continuously across the substrate. A large
cell is equivalent to a number of smaller cells connected in parallel, each deposited at a
particular F. For example, the measured junction capacitance per unit area represents the
average over the cell area of a continuously varying capacitance per unit area. In the case
of the current vs. voltage measurements, the reverse saturation current density J, can be
expected to depend on F, so that the diode current density J is non-uniform over the cell
area, and the overall cell J-V characteristic is dominated by the regions with the highest J;.
To obtain measurements at particular F values, a number of small cells could have been
isolated from the larger cell, so that within the area of each small cell, the value of F can
be assumed fixed. This was not done because there was not enough time. There is no
doubt that a higher "champion cell" efficiency could have been obtained if the best large
cell were subdivided into many smaller cells and each small cell tested.

OBIC images of solar cells show that a solar cell with a two layer CulnSe, absorber is
less sensitive to variations in F than is a cell based on a single layer absorber (figure 7.31).
It is possible that solar cells based on two layer CulnSe, films function either as p-n or
p-i-n type structures, depending on whether the overall film composition is stoichiometric
or In-rich. If the overall composition is stoichiometric then the device is p-n and the top
layer of CulnSe; has relatively high conductivity, and therefore, a narrow depletion region.
If the overall composition is In-rich, then the top In-rich layer acts as a low conductivity
intrinsic region, so the depletion region is wider. This conjecture is supported by the fact
that the three best solar cells have net acceptor densities N spanning three orders of
magnitude, as determined by junction capacitance measurements (see table 7.3). Thus,
‘provided that the overall film composition is not so Cu-rich that the Cu,Se phase is
present, the solar cell with two layer CulnSe, tolerates a range of absorber compositions.
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This is consistent with published data [6] showing that cells with efficiencies exceeding
10% can be obtained in the composition range 0.85 < Cu/(In+Ga) < 1.03.

The photoluminescence measurements on solar cell 951124 show that the position of
maximum luminescence emission also has the highest quantum efficiency in the
corresponding OBIC measurement. The photoluminescence emission intensity is reduced
when a reverse bias is applied to the solar cell.

8.3 Problems and Possible Future Research

A solar cell fabricated in this project requires about 1 hour at 1 kilowatt for the RF
sputtering system, about 2 hours at 4 kilowatts for the CulnSe, deposition system and
about 1 hour at 1 kilowatt for the CdS evaporation system. This is a total of 10 kilowatt-
hours, and does not include the energy used in baking-out the vacuum systems. At a year
round average irradiance of 17 mWcm-2, solar cell 951207 (4.8% efficient, 14 cm?) would
need to operate continuously for about 100 years just to recover the energy used during
the film depositions. Clearly, any large scale manufacturing process would have to be
much more energy efficient than the method used here.

It should also be noted that the very best cells, like the 17.7% efficient cell described in
chapter 1, use wider band-gap alloys such as Cu(In,Ga)Se; or Cu(In,Ga)(S,Se),, in order
to obtain a larger open circuit voltage and higher efficiency. The use of these more
complex absorber materials would result in increased manufacturing costs.

The very high absorption coefficient of CulnSe; means that, in principle, a film only a few
tenths of a micron thick is needed to absorb most of the incident power at energies above
the band-gap. However, in practice, films at least about two microns thick are needed to
obtain sufficiently large grain sizes for high efficiency devices. Since In and Ga are
expensive, it is important to minimize the absorber layer thickness, in order to reduce the
use of these metals.

Although the work function of Mo (4.6 eV) is too low to form a true ohmic contact to
p-CulnSe, , Mo has been used almost exclusively as the contact to p-CulnSe, films,
because it resists chemical attack by Se at the high substrate temperatures necessary for
the growth of good quality CulnSe; films. Indeed, the poor adhesion of CulnSe; films to
Mo is probably due to the chemical resistance of Mo. An alternative contact material such
as Ni has a larger work function (5.15 eV) than Mo, but in the presence of Se at high
temperatures, it is rapidly converted to NiSe.

CulnSe,-based solar cells with efficiencies greater than 10% have been produced only by
vacuum co-evaporation of the elements at high substrate temperatures (Tgy, = 500 °C), or
by reacting pre-deposited elemental precursor layers at high temperatures [7]. A much
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lower temperature deposition process would permit the use of a wider variety of substrate
and contact materials.

The presence of sodium clearly has a significant influence on the CulnSe; films and solar
cells. A recent study of rapid thermal processed stacked elemental precursor layers with
controlled sodium incorporation [8] suggests that sodium promotes the formation of a
CuSe phase which acts as a flux agent for the growth of larger grains of CulnSe,. Since
the beneficial effects of sodium were discovered accidentally as a consequence of the
unintentional diffusion of sodium from a soda-lime glass substrate, systematic research
should be undertaken to determine if there exists other impurities which promote the
growth of good quality CulnSe, films.

An array of prototype thin film Cu(In,Ga)Se; modules with 340 W peak power has
demonstrated stable operation for two years in outdoor tests and no intrinsic stability
problems have been identified [9]. However, the additional surface area due to the grain
boundaries, and the large density of intrinsic crystal defects, render a polycrystalline film
more vulnerable to impurity diffusion and chemical attack than a single crystal. Thus, in
order to obtain module lifetimes in excess of 20 years, even better encapsulation may be
necessary for thin film polycrystalline solar cells, than is required for crystalline silicon

modules.

Although CulnSe, based solar cells show considerable potential, it remains to be
demonstrated that reliable, large area CulnSe; photovoltaic modules can be produced at
costs competitive with silicon technology. It seems likely that silicon based solar cells
(crystalline, multicrystalline and amorphous) will continue to dominate the terrestrial
photovoltaics market for many years to come.
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Appendix A: CulnSe, Film Deposition Parameters, Thickness and Substrate Material

1 2 3 4 5 6 7 8 9 10 11 12 13
calc. total
CulnSe; dep. layer meas. layer  average
film Curate Inrate Serate CuT  InT subs. T time thick thick deposit. F for substrate
(Y:M:D) sh (sH s?H (©) (C) (C) (min) (micron) (micron) ratio'F' two layers details
// Manual temperature control, type (a) or (b) sources for Cu and In, type K thermocouples, contact substrate heater //
910627 0.741 1.34 3.7 1361 1097 0 0 0.000 0.999 7059
910730 0.741 134 37 1070 867 370 60 0433 0.999 7059
910814 0.741 1.34 3.7 1020 875 350 150 1.083 0.999 7059
910826 0.741 1.34 3.7 994 777 354 150 1.083 0.999 7059
910930 0.741 1.34 55 1110 891 350 IS0 1.083 0.999 7059
/I Three source temperature controller designed, constructed and installed //
920730 07 1265 348 1032 782 350 1466  1.000 1.000 7059
// Tungsten-rhenium thermocouple installed at Cu source, because type K thermocouple unstable at high T #
N 920916 07 1265 348 980 826 350 0 0.000 1.000 7059
L 920917 0.7 1265 348 931 0 350 0 0.000 1.000 7059
920918 0.7 1265 348 940 624 350 165 1.125 1.000 7059
/I Type (C) sources, for both Cu and In //
921002 07 1.265 348 1054 837 350 170 1.159 1.000 7059
921113 0.7 1.265 3.48 1093 835 350 170 1.159 1.000 7059
930219 07 1265 348 1105 836 0 165 1.125 1.000 7059
930508 07 1.265 348 1055 827 350 1.000 7059
930715 07 1.265 348 1085 0 350 0 0.000 1.000 7059
930719 07 1265 348 1087 823 350 1.000 7059
930806 07 1265 348 1071 g18 350 173  1.180 1.000 7059
930909 0.7 1265 348 1091 813 350 1.000 7059
/! Type (d) Cu source //
931021 07 1265 348 1111 0 450 0 0000 1.000 7059
Use 2.7 amps AC to keep Cu thermocouple wire hot and free of metal condensate //
931 0.7 1.265 348 1119 843 450 165 1.125 1.000 7059
940217 125 226 6.213 1145 850 450 195 2375 0.999 Mo/7059
940405 1.25 226 6.213 1149 845 450 164 1.998 0.999 Mo/7059

14

matching
CdS
film#

15

gencral comments

aborted: no In rate detected
manual control difficult
base pressure 'E-6 torr

source controller tested

aborted: Cu source failure
aborted: In souice failure
innacurate In T measure

more accurale source T‘S
insufficient Se

100 eV jon beam assist
100 eV jon beam assist
aborted: Cu source failure
try Cu current control

P=1.1E-7 with LN2 + 2 days

aborted: unstable Cu T

fair source stability
first solar cell attempt



80

160
105

82
82
82
82
82

93
86
82
62
81
60

82
60

90
46
93
47

96

940425 125 226 6.213 1148 851 450
940516  1.25 226 6.213 1132 847 450
940524  1.25 2259 6.213 1157 850 450
940623 1.25 2259 6.213 1141 853 450
{/f Bakeout and cool down chamber before deposition start //
940720b 125 2259 6.213 1152 861 350
940720t 075 2259 6.213 1123 863 450
940803b 1.25 2259 6.213 1143 847 350
940803:  0.75 2.259 6.213 1119 844 450
940923  1.25 2259 6.213 1146 832 450
940930 1.5 2259 6.213 1166 829 450
// Prototype type (e) Cu source //
941017 1375 2259 6.213 119 822 450
941021 145 2259 6.213 1143 811 450
// Final design type (e) source for both Cu and In //
941104 1.375 2.259 6.213 1106 871 0
941114 115 2.259 62 1198 868 300
941208b 1.375 2.259 7 1209 872 300
941208t 0.625 2.259 7 1160 865 450
950106b 1.375 2.259 7 1210 887 300
9501061 075 2.259 7 1163 865 450
{/ Substrate radiaion heater installed, to allow faster control //
950118b 1.375 2.259 7 1205 863 300
950118t  0.75 2.259 7 Ul 863 450
// Indium-bonded substrate thermocouple //
950126 1.25 2259 7 1205 883 300
950207b 1375 2.259 7 1213 884 300
950207t 0.675 2.259 7 174 884 450
950331b  1.375 2.259 7 1206 868 300
950331t 0.75 2.259 7 1170 868 450
950407b 1.375 2.259 7 1206 885 300
950407t  0.875 2.259 7 1180 886 450
/ Install data acquisition computer for recording deposition data //
950508b 1.375 2.259 7 1208 884 300
950508t 0.875 2.259 7 1181 884 450

/! Disassemble and clean vacuum chamber to remove possible Cd, Zn and As contamination from previous users //
// Discovered that diffusion pump stack output to foreline had been incorrrectly positioned away from foreline pipe //

40

0.974
0.000
1.948
1.278

0.998
0.876
0.998
0.876
0.998

1.167
1.021
1.029
0.639
1.016
0.641

1.029
0.641

1.129
0.481
1.167
0.502

1.205
0.442

0.999
0.999
1.000
1.000

1.000
0.600
1.000
0.600
1.000
1.200

1.100
1.160

1.100
0.920
1.100
0.500
1.100
0.600

1.100
0.600

1.000
1,100
0.540
1.100
0.600
1,100
0.700

1,100
0.700

0.800

0.800

0.842

0.887

0.889

0.910

0.932

0.982

Mo/7059
Mo/7059
Mo/7059

Au/Mo/7059

Mo/7059
Mo/7059
7059
7059

7059
7059

7059
Mo/7059

Mo/7059

Mo/7059

Mor7059

Mor7059

Mo/7059

Mo/7059

Mo/7059

Mo/7059

940722

940803

941115

941209

950109

950119

950128

950208

950403

950509

first cell photo-current
aborted: forgot shutter

1/2 of substrate Au film
first 2 layer film
100 eV ion beam assist

100 eV ion beam assist

100 eV ion beam assist
100 eV ion beam assist

100 eV ion beam assist
500 eV ion etch Mo

poor Mo adhesion

200 eV ion etch Mo

substrate thermeple failure

fast substrate cool-down

poor Mo adhesion

total Mo adhesion failure

first complete data record

€1T



/1 Upper internal structure removed. Re-designed substrate holder, shutter, microbalance crystal holder, etc. installed.//

/l Type (f) indium source installed. Source, substrate, crystal configuration as in figure 2.

950708b 1.408 2.259 7 1154 870 300 906 1.146 1.032
950708t 0.768 2.259 7 1123 870 450 14  0.150 0.563
/! z distance of Se source reduced by two times, to z= -10.7 cm, to allow higher rate with same Sc mass /
9507196 1.662 26 1362 1182 872 300 672 0.987 1.059
950719t 0906 26 13.62 1149 872 450 375 0466 0.577
950816b 4.155 6.5 3195 1230 918 300 46  1.688 1.059
950816t 2266 6.5 3195 1201 918 450 23 0714 0.577
950824b 4,155 65 3195 1240 918 375 46 1.688 1.059
950824t 2266 65 3195 1206 918 475 23 0714 0.577
950826b 4.155 65 3195 1224 922 380 543 1.993 1.059
950826t 2.266 6.5 3195 1195 922 475 189 0587 0.577
1l Type (f) copper source installed //
950830b 4.155 6.5 3195 1220 923 375 445 1.633 1.059
9508301 2.266 65 3195 1177 923 475 26.1 0811 0.577
// Evaporate Se during substrate cool-down, to minimize Sc loss from film //
950901b 435 6.5 3195 1216 917 375 507 1.890 1.108
950901t 2374 65 31.95 1176 917 475 102 0320 0.605
950905b 4749 65 3195 1226 910 375 512 1970 1.210
950905t 259 65 3195 118} 910 475 1797 0576 0.660
950906b 4,749 65 3195 1226 906 375 484  1.862 1.210
950906t 259 65 3195 1182 906 475 207 0.663 0.660
/I Fused silica chimney at Cu source replaced with tantalum chimney //
950909 435 65 3195 1210 916 365 49.1 1.831
950909t 2374 65 3195 1167 916 465 20 0.628 0.605
950913b 455 65 3195 1220 9209 365 46.1 1.746 1.159
950913t 248 6.5 3195 1175 909 465 215 0.682 0.632
950915b 455 65 3195 1217 904 365 463 1.754 1.159
9509151 248 65 3195 1175 904 450 21,7 0.688 0.632
950916b 455 65 3195 1212 907 350 518 1.962 1.159
950916t 248 65 3195 1175 907 450 142 0450 0.632
{f Improved CdS deposition: no mask,radiation heater, better quality CdS (E.S.P.) #/
951003b 455 65 3195 1222 908 350 46.6  1.765 1.159
951003t 248 65 3195 1182 908 450 155 0491 0.632
951018b 4.749 6.5 3195 1225 910 350 532 2,047 1.210
951018t 259 65 3195 1183 910 450 178 0570 0.660

0.970

0.886

0.898

0.898

0.934

0.881

1.024

1.067

1.045

0.963

0.952

0.991

1,046

1.028

1.072

except Seatz=-26.3cm //

Mo/7059

Mo/7059

Mo/7059

Mo/7059

Ga/Mo/7059

Ga/Mof7059

Ga/Mo/7059

Ga/Mo/7059

Mo/7059

Mo/7059

Ga/Mo/7059

Ga/Mo/7059

Mo/7059

Mo/7059

Mo/7059

950709 =3.5E-8; insufficient Se

950720 increased Se rate
increased Cu,In, Se rates
450817 50% CulnSe,adhesion
10% CulnSe, adhesion

sources splattered

20% CulnSe, adhesion

300 eV ion etch Ga/Mo
50% CulnSe, adhesion

5% CulnSe,adhesion

950907 200 eV ion etch Mo
200 eV ion etch Mo

10% CulnSe, adhesion
200 eV ion etch Ga/Mo
30% CulnSe,adhesion
200 ¢V ion etch Ga/Mo
0% CulnSe;adhesion
damaged during CdS dep.
200 eV ion etch Mo

951011 70 eV jon etch Mo
70 eV ion eich Mo

20% CulnSe,adhesion

14%4



951023b 4749 65 3195 1225 910 350 424  1.631
951023t 259 65 3195 1184 910 450 252  0.807
9510256 4749 65 3195 1228 909 360 354  1.362
9510251 259 65 3195 1186 909 460 30.7 0.983
/1 Install Se source with increased holding capacity for longer deposition //
951109 453 65 3195 1226 911 350 582 2201
951109t 3595 65 3195 1209 911 450 184  0.645
9si1llb 457 65 3195 1228 914 350 594  2.254
g511tte 3125 65 3195 1201 914 450 225 0757
951121b 457 65 3195 1227 900 350 576 2185
951121t 3425 65 3195 1200 900 450 186  0.625
951124b 457 65 3195 1223 908 350 57 2163
951124t 3125 65 3195 1195 908 450 209 0.703
951205b 4.748 6.5 31.95 1223 908 350 574 2208
951205t 2675 65 3195 1189 908 525 221 0714
/1 Preheat Cu and In sources to full temperature before calibration, to remove residual Se. /#/
951207b 4748 65 3195 1231 913 350 567 2181
951207t 2,675 6.5 3195 1191 913 450 21.7 0.701
9512096 4748 65 3195 1232 911 350 573 2204
951209t 2.675 65 3195 1192 91l 450 216  0.697
960102b 4.748 65 3195 1232 913 350 57 2,193
960102t 2.675 65 3195 1193 913 450 216 0.697
960106b 4.748 65 3195 350 592 2277
960106t 2.675 65 3195 450 214 0.691
960113b 4,748 6.5 3195 1246 953 350 56 2,154
960113t 2.675 65 3195 1204 953 450 223 0720
960116b 4.748 65 3195 1238 912 350 587 2258
960116t 2675 65 3195 1197 912 450 22 0710
960120b 4.748 65 3195 1232 909 350 575 2212
960120t 2.675 65 3195 1191 909 450 219 0707
060123b 4.748 65 3195 1230 907 350 582 2239
960123t 2675 65 3195 1190 907 450 225 0.726
/] Move Cu and In sources to positions of figure 2.  //
960218 4.289 7.75 3195 1227 91l 350 61 2548
960221 4.628 7.75 3195 1233 910 350 58  2.482

3.366

3.700

3.088

3410

3.266

3.243

2.455

3.266

377

2.766
2.744

f Move Se source, so that all sources are in symmetrical configuration shown in figure 2.
960228 4375 7175 21.65

1229

908

350

44

1.849

1.988

1.210
0.660
1.210
0.660

1.154
0916
1.165
0.796
1.165
0.796
1.165
0.796
1.210
0.682

1.210
0.682
1.210
0.682
1.210
0.682
1.210
0.682
1.210
0.682
1.210
0.682
1.210
0.682
1.210
0.682

1.000

1.079
i

1.020

1.005

0.955

1.097

1.063

1.075

1.066

1.063

1.064

1,065

1.065

1.070

1.059

1.066

1.064

1.063

Mo/7059

Mo/7059

Mo/7059

Mo/7059

Mo/7059

Mo/7059

Mo/sodalime

Mof/sodalime

Mof/sodalime

Mo/sodalime

Mo/sodalime

Na/Mor7059

Mof/sodalime

Na/Mor7059

Nar7059

Na/7059
Na/7059

7059

951026

95110t

951114
951115
951126
951128

951212

951213
951215

960126

960202
960127

960131

partially oxidized Mo top
200 ¢V ion etch Mo

partially oxidized Mo top

200 ¢V ion etch Mo
slightly oxidized Mo top
200 eV ion etch Mo
slightly oxidized Mo top

200 eV ion eich with Cu+Se

200 eV ion etch with Cu+Se
200 eV ion etch Mo
poor Mo adhesion

poor Mo adhesion
200 eV ion etch Mo
poor Mo adhesion

cracked substrate

200 eV ion etch with Cu+Se
indium source T error

1/2 of Mo dipped in NaOH
In thermocouple contacted

200 eV ion etch with Cu+Se
CulnSe2 adhesion only
on area with 4% NaOH

zones 0, 0.2, 1, 5% NaOH

1/2 substrate 1% NaOH
1/2 substrate 1% NaOH

single layer In rich film
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960229 4.5925

960302b
960302t

960308b
960308t
960309
960312
960314b
9603141t
960316

NOTES

4.877
2.738

5
2.738
5

5

5
2.738
418

7.75
7.75
7.75

1.75
7.75
1.75
7.75
1.75
1.75
1.75

21.65
21.65
21.65

21.65
21.65
21.65
21.65
21.65
21.65
21.65

1231
1247
1204

1237
1194
1237
1234
1236
1192
1233

907
912
912

902
902
900
901
902
902
903

350
350
450

350
450
350
350
350
450
350

56
52
295

515
2]
52
52
52
19
55

2.390
2.264
1.096

2.261
0.780
2,283
2,283
2.283
0.706
2.378

2.566

4,088

2.950
2.288

3.155
2.588

L.071
1.137
0.638

1.166
0.638
1.166
1.166
1.166
0.638
1.114

0.957

1.013

1.025

7059
Na/7059
7059
7059
7059

Na/Mo/7059
Na/Mo/7059

single layer stoichiometric
1/2 substrate 1.5% NaOH
poor adhesion NaOH 1/2

172 substrate 1% NaOH

112 substrate 1% NaOH

100 eV ion beam assist

1/20.5% and 1/2 1% NaOH

960608 30% CulnSe2 adh. on 1%
960610 172 substrate 1% NaOH

Column 1 is the date of film deposition date given by year-month-day. Suffix "t" means top layer and "b" means bottom layer in the case of two layer films
Column 2, 3 and 4 are the elemental deposition rates of Cu In and Se, respectively, in s or Hz/s measured at the microbalance crystal

Columns S and 6 are the Cu and In source temperatures, respectively, when calibrated to give the listed deposition rates
Column 7 is the substrate temperature used during the deposition of each layer
Column 8 is the time of deposition in minutes of cach layer

Column 9 is the calculated layer thickness based on the deposition times and rates

Column 10 is the total film thickness determined by measuring the film mass

Column 11 is the nominal deposition ratio for each layer

Column 12 is the time average depostion ratio, as defincd by equation 2.15

Column 13 specifies the substrate material, and additional films predeposited on substrate

Column 14 specifies the identifying number of the CdS film which is used for the window layer in solar cells.
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Appendix B: CdS Film Deposition Parameters

1 2 3 4 5 6 7 8 9 10

CdS CdS evap. CdsS In hot
CdS dep. evap. CdS CdS CdS source source wall subs.
sample # time time mass thick type T T T T
(ymd) (min) (min) (g) (um) (&) © © ©O

// no shutter, no thermocouple on CdS source, thermocouple bolted to indium //
/I doping source, substrate bonded to Al heater block with grease, heater //
// wire wound directly on hot wall, substrate thermocouple bolted to heater block //

940722 18 18 02 780 209 126
940803 14 14 02 780 228 180
941115 12 12 025 780 211 158
// installed crude shutter, operated by falling weight triggered by external magnet //
941209 12 03 189 144
// nitrogen venting installed on vacuum chamber, for faster substrate cool-down //
950109 9 765 198 170
950119 775 198 169
// argon venting system installed, attempt to repair sticking shutter //
950128 7 06 209 170
950208 9 06 780 189 173

// CdS vacuum system disassembled, shutter with rotary feedthrough installed //
// repair leak in liquid nitrogen cold trap, re-machine scratched vacuum seals //
/l clean system, design and install radiation heater for hot wall //

950403 6.5 08 777 234 202
/1 type (f) source installed for CdS evaporation, start computer data acquisition //
950420 36.3 37.0 837 229 170
050427 34.0 337 2.00 880 746 229 172
950501 102.0 108.0 0.13 ALFA 610 259 170
950502 34.8 33.0 042 20.00 ALFA 751 265 175
950503 10.2 15.0 851 268 175
950504 103 143 0.23 12.00 764 266 172
950505 17.8 19.5 022 5.00 ALFA 751 267 173
950509 17.8 20.8 0.31 9.00 ALFA 767 631 265 173
950709 14.0 20.2 0.33 ALFA 767 633 273 171
950720 126 18.6 0.34 ALFA 768 631 277 172
950817 122 158 0.26 ALFA 770 631 282 171
950907 154 19.8 0.33 ALFA 767 633 277 171
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950920
950928
950928
950929
951002
951004
951005
951005
951006
951006
951011
951026
951101
951114
951115
951126
951128
951212
951213
951215
960126
960127
960131
960202
960608
960610

NOTES

9.2
11.6
15.2
200
30.0
20.0
224
30.2
204
32.6
29.8
23.0
23.0
24.0
24.2
242
242
23.8
222
24.6
23.6
22.6
22.6
224
224
22.6

12.2
15.0
18.0
23.0
326
23.0
26.0
358
242
364
33.8
26.8
28.0
274
27.6
276
27.8
27.4
25.8
27.8
274
264
26.2
26.2
26.2
27.2

0.32
0.34
0.25
0.35

0.5

0.5
043
0.22
0.38
0.76

0.8
0.62
0.66
0.58
0.53
0.64
0.65
0.64
0.49
0.59
0.58
0.62

0.6
0.55
0.59

3.80
3.30
2.05
2.00
1.00
15.80
9.95
3.81
4.49
5.58
3.84
3.83
4.30
4.00
4.19
4.49
5.00
3.94
3.66
4.25
4.39
4.41
3.95
3.96

ALFA
E.S.P.
ES.P.
E.S.P.
E.S.P.
ES.P.
ALFA
ALFA
ALFA
E.S.P.
ES.P.
E.S.P.
E.S.P.
E.S.P.
ES.P.
E.S.P.
E.S.P.
ES.P.
E.S.P.
ES.P.
ES.P.
ES.P.
E.S.P.
E.S.P.
E.S.P.
ES.P.

803
803
767
765
768
798
770
698
768
802
799
802
804
805
799
801
800
803
802
801
804
805
803
802
801
804

636

539

533
524
529
527
529
536
534
534
534
536
534
536
535
536
550
554

295
337
395
304
306
270
311
312
246
306
306
305
306
306
306
306
306
306
305
306
308
308
308
307
308
308

Column 1 is the date of deposition in year-month-day, also sample number

Column 2 is the time (minutes) during which the shutter is open

Column 3 is the time during which the source is at operating temperature

Column 4 is the total mass of CdS evaporated from the source

Column 5 is the film thickness in microns

Column 6 is the CdS manufacturer: Alfa inorganics or Electr. Space Products
Column 8 is the indium doping source temperature
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174
202
208
200
200
199
204
202
199
201
201
200
200
200
200
200
200
201
200
200
204
201
201
202
202
202



Appendix C: Solar Cell Performance Data

1 2 3 4
device total
number [a]  area [b] Isc Isc
m®)  (mA) (mA/em?)
940425 1 09 0.9
950623 1.66 2.0 1.2
940720 1.66 24 14
940803 0.5 0.8 1.7
941114 0.5 0.8 1.6
{/ first shutter installed in CdS system //
941208 0.5 3.0 6.0
950106 0.5 1.8 3.6
950118 0.5 6.0 12.0
950126 0.5 24 4.8
950207 0.5 44 8.7
950508 0.5 7.0 14.0
950708 0.5 7.0 14.0
950719 0.5 6.1 12.1
950816 0.5 0.8 1.6
950906 0.5 0.2 04
/f change CdS supplier from ALFA to E.S.P. //
951003 15.1 267.3 17.7
951023 15 20.0 1.3
951025 15 53.0 3.5
951109 15 15.0 1.0
951111 15 55.0 3.7
951121 15 130.0 8.7
951124 15 190.5 12.7
951207 14.36 3475 242
951209 14.36 210.0 14.6
960102 1 120.0 10.9
960113 10 155.0 15.5
960116 15 195.0 13.0
960120 3.666 59.8 16.3
960314 11.11 193.2 17.39
960316 15 74.0 49
Notes:

5

6

7 8
energy light

Voc fill factor efficiency source [c]

(mV)

106
57
106
74
64

170
121
160

90
203
190
155
207
100

75

186
100
115

30
130
170
147
333
195
200
245
170
293
223
100

0.25
0.25
0.25
0.25
0.25

0.25
0.25
0.25
0.25
0.25
03
0314
0.29
0.3
0.25

0.368
0.25
0.3
0.25
03
0.352
0.335
0.569
0.38
0.31
0.462
0.38
0.495
0.3859

(%)

0.025
0.018
0.040
0.033
0.027

0.268
0.115
0.505
0.114
0.466
0.840
0.715
0.765
0.051
0.008

1.275 sunlight
0.035
0.128
0.008
0.151
0.546
0.658 sunlight
4.827 sunlight
1.141
0.712
1.847
0.884 sunlight
2.488 sunlight
1.575 sunlight
0.000

{a] device number is the same as the CulnSe; absorber film number used in the solar cell
[b] about 13% of total area is covered by front contact grid
[c]light source is solar simulator is 75 W tungsten halogen lamp with 3 cm water filter or sunlight
sunlight is midday sun on clear dry summer day: assumed equal to AM1: 95.62 mWcm2
[d] substrate is Mo/7059 glass unless specified as sodalime (Mo/sodalime glass)
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9
substrate
[d]

sodalime
sodalime
sodalime
Na doped
sodalime
Na doped

Na doped
Na doped





