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ABSTRACT

The solar photovoltaic industry is growing exponentially and has the potential to
become a major contributor to the global energy mix. This can be accelerated by
improving the energy conversion efficiency of low cost thin film photovoltaic solar cells
such as CdTe. However, a major limitation to thin film CdTe solar cell efficiency is
Shockley Read Hall recombination caused by high concentrations of deep electronic
states (DES). Therefore, this study focuses on detecting and characterizing DES in CdTe
solar cells in order to better understand how they impact solar cell performance.

DES can be induced to capture and emit electric charges making them detectable
with admittance techniques. A system was designed and built by the author for this study
that employs admittance spectroscopy (AS) and capacitance transients (CTr) to detect
and characterize these DES. The system has a temperature range of -190°C to +90°C and
can detect DES with characteristic times ranging from 10 to 10° seconds spanning nine
orders of magnitude. It has reliably characterized DES with activation energies ranging
from 0.10 eV to 1.00 eV, apparent capture cross sections ranging from 10™2° ¢cm? to 1072
cm?, and DES capacitance amplitudes down to 10"° F cm™ (100 pF cm™).

Solar cell simulations were run with the SCAPS software program to better
understand observed experimental AS results. The simulations show how shallow DES
can become undetectable in cells with a thin CdTe layer. They offer a plausible
explanation for the stretched exponential behavior that is often observed and they suggest
that there can be distortions to the calculated activation energies with high density DES.
They also show how decreasing capacitance with increasing temperature can be caused
by a steep DES concentration gradient.

Completed thin film CdTe solar cells were analyzed with AS and CTr that were
obtained from the National Renewable Energy Laboratory (NREL) and the Institute for

Energy Conversion (IEC). These were treated with and without Cu as well as with and
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without CdCl,. Seven signatures were detected with either AS or CTr. An AS signature,

H1, was detected in all cell categories in different concentrations with E_ = 0.15¢V and

was attributed to a combination of two defects, V3, and V7, — Cl;,. An AS signature, H2

2

was consistently detected in the Cu treated cells with £, = 0.3eV” and was attributed to

Cuc, . A majority carrier DES, H5, with a large magnitude C° ~ 40nF cm™ was detected

with CTr on the Cu and CdCl, treated cells from both NREL and IEC. It is possible that
this DES is caused by dislocations from the lattice mismatch or the sulfur intermixing
near the CdTe/CdS metallurgical junction.

For the CdCl, treated cells from both NREL and IEC, thermal current density
voltage data suggests that the V3, — CI7, defect is responsible for the enhanced current
collection that is commonly seen with the CdCl, treatment. The NREL cells were
subjected to 600 hours of stressing at 100°C, with 1 sun illumination, and under open
circuit. Changes were observed in the DES signature capacitance magnitudes indicating
changes in defect concentrations that help explain observed CdTe solar cell performance

degradation with stressing.
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Line 1 defined by a and b
b

Line 2 defined by ¢ and d

—> 100%

Figure B.2 Arrhenius plot with two regression lines defined by points a,b and c,d. T,
the intersection between these two lines at point e.

With the Arrhenius plot x-axis as! 00% and y-axis as ln(%zz_) we have the line

yb
X —xb

a

equations for Line 1 and Line 2 as y = §,x+Y, and y = S,x+Y,, where S, =

Y, =y, —Sx, are the slope and intercept for Line 1 and S, = o=y A
X, —%,

c

Y, =y, —S,x, are the slope and intercept for Line 2. At the intersection point e the

y value from Line 1 and Line 2 are equal so we have S,x+7, = S, +7,, and we can solve

for x=x,= =100 / and obtaln =100 / If we assume that S, S, have the

2

same sign we obtain:
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Yy ~ %, 1000
abs[abs(S )—abs(S J / -1

Rearranging equation (A.21) that equates £, to the Arrhenius slope we have:

E E
abs(Sl) = m 5 abS(Sz) m (B2)
b

Rearranging equation (A.20) that equates o, to the Arrhenius Y, we have

*

T, = ln[3 OOxIOZI[ - Dﬂn( ) Yy = 1n[3 OOxlOn( nﬂn( ,)  (B3)
m m°
Combining equations (B.1), (B.2), and (B.3) and rearranging we get:

1000 _ o Kbab{wj (B.4)
Ea2 - Eal

iso

The slope of two points on the Meyer Neldel Plot is S v = M SO we can

EaZ —Eal

determine 7} in terms S,,, as:

150

(B.5)

B.3 Instrumentation Noise and MNR behavior

The first and most easily explained cause for MNR behavior is instrumentation
error. In practice data collection is confined to a finite range for 7 and 7 and this limits
the Arrhenius space area from which the regressions are made to determine E, and o,.

Random errors in the temperature and capacitance readings propagate into the estimated

Arrhenius slope and y-intercept, however the regression line always goes through this
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space. This leads to the values of £, and o, being correlated and indicating MNR
behavior.
The instrumentation effect is illustrated below with a simulation consisting of

twenty (E,,0,) data points generated from Arrhenius regressions of pairs of (7,7) points

with random errors. Each (7,7) data point was sampled from a uniform distribution. For

the first point 7 ranged from 82°C to 83°C and 7 ranged from 0.27 to 0.33 ms. For the
second point 7 ranged from 62°C to 63°C and 7 ranged from 0.9 to 1.1 ms. These are
reasonable instrumentation error values and the results can be seen in figure B.3 that
shows the Arrhenius plot and regression lines to the right and the MNR plot to the left.
Notice that the values for E, range from less than 0.5¢V to over 0.65¢V and that o,

spans over two orders of magnitude. The MNR regression gives 7, = 72°C which falls

within the simulated data temperature range.

1/2T2 o, (cm’)
10713
10! MNR Plot
Arrhenius Plot o
104 - &
&
<><<>
102 . 1071
&&
©
] ®
10716 o
103 . ; s 107 . ‘ —
2.7 2.8 29 3.0 0.4 0.5 0.6 0.7
1000/T Activation Energy Ev

Figure B.3 Graph to the left shows simulated set of 20 Arrhenius regressions with
random errors in 7' and 7 (outlined in red). The resulting (Ea,O'a) data points are plotted

in the MNR graph to the right and show MNR behavior.
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The instrumentation error can produce a very pronounced MNR effect when there
are narrow value ranges for 7'and 7. This underscores the importance of collecting
precise and accurate experimental data over the widest range of 7 and 7 possible. A

telltale sign of the instrumentation error effect is when T,

JAYY)

falls within the experimental

data measurement temperature range.

B.4 Gibbs Free Energy and MNR

This section will show that when we have MNR behavior, at 1., we have
AG+E, =0 and we can deduce AS for each of the regressions. This analysis is

discussed in the literature [Crandall, 2003] and is repeated here for completeness.

We start with the form of equation (A.15) for the emission of electrons

e,(T)=v, exp(— kEaT j (B.6)

Where v, = 0,v,N, represents the attempt to escape frequency. The MNR behavior links

E,and v through the line equation

In(v,) = 1n(v00)+( ]E (B.7)

b “iso

Where the slope S,,, = is from equation (B.5) and v, is the extrapolated attempt to

b "iso

escape frequency when E, = 0. Rearranging equation (B.7) we get:

Yo = Voo eXP(kE; ] (B.8)

b *iso

Substituting equation (B.8) into (B.6) we get:
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E E
T)=v,¢€ 4 4 B.9
en( ) Voo Xp(ka kaj (B.9)

iso

At T =T, the exponent goes to zero and e, (7}, ) is independent of E, giving:

en (71is0 ) = T_l (Tiso ) = vOO (B 1 0)

Now we look at the emission rate in terms of Gibbs free energy from equation

(A.13). We assume that the capture cross section barrier £ is negligible or included in

AH [Crandall, 2002] and we get:

- AG
e\T')=0c_v N ex B.11
(T) wncp(kaJ (B.11)

From this we can deduce that AG(7,,) =0 and from AG(T') = AH — TAS we get

AS=—— (B.12)

With CdTe solar cells, the author has observed CTr exhibiting MNR behavior
with 7, ) = 350K and AH ranging from 0.5 to 1.0 eV. This indicates AS ranging from
16k, to 33k, where k, =8.6x10"eV K.

A visual interpretation of Gibbs free energy AG(T'), enthalpy AH and entropy
TAS can be seen in figure B.4. At temperatures below 7., the entropy term TAS offers a
small offset to AH and AG(T) is positive (left diagram). At temperatures above T, the

TAS more than offsets AH making AG(T) (right diagram). AH is assumed not to

change with temperature.
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AG(T)>0

Figure B.4 The left diagram shows the relative values for AG(T'), AH , and TAS when
T <T,,. Theright diagram shows these relationships when 7' > T,

These relationships are illustrated in the context of an Arrhenius plot in figure
B.5. The steeper slope line has the higher activation energy and AH . For T < T,

iso °

AG(T)>0and T >T,,, AG(T)<0. At a given temperature above or below T, , the

magnitude of AG(T)is proportional to AH . Above T, one would see counterintuitive
result of the higher AH “deeper” states having a faster emission rate e, (T') than the

lower AH ’shallower” states.
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1000/T

Figure B.5 Arrhenius regression illustration for high AH defect (steep slope) and low
AH defect (shallow slope) showing the AG(T'), AH , and TAS relationships.

An instance of MNR behavior where 7 > T, exhibiting the faster emission for

Iso

the “deeper” states has been reported [Young]. We have AG(T)=E,-E, £s Tepresenting

the DES position relative to the band edge [Blood and Orton, pg 427] and
AG(T) < 0 implies that the DES is located within the conduction band.

It is possible that this is caused by “resonance states” [Kaydanov, 2005]. Imagine
a defect state within the conduction band. When it becomes charged, compensating
lattice distortions create an energy well that traps and localizes the charge even though it
is located in the conduction band. This state becomes metastable and thermal relaxation
to the band edge occurs only when multiple phonons of sufficient energy combine to
eject the electron. This metastable state would require elevated temperatures to anneal

out the charged defect.
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