CHAPTER 5

RESULTS AND DISCUSSION

In this chapter, the results on current-voltage characteristic measurement of

e discussed. Firstly, I will describe the

cteristics measurement at room
temperature. Secondly, ch fir oncentration and light intensity

on the CIGS-based thi _and J-V characteristics are

shown. The analysis o characteristics is shown in

the third part. The la opose the possible current

mechanism and the /Mo/Cu(In,Ga)Se,/CdS/ZnO

5.1 Results aljji" J=V Characteristics

The Clcﬂbuahg H&Elﬂﬂ ﬁl W %Jd’}tﬂ ielemental composition

were characteri zed the curren ﬁﬁ ?ﬂnﬁ' ﬁ‘ ﬁiﬂ at 25 °C under
100 mW%nﬂ d uiﬁ“ alysis o was carried out

to characterize the diode behavior.
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ent circuit of a solar cell.

Figure 5.1: The eq i 7(

The J-V characteri gh&an@gre compared to verify whether

the light characterlstlc

current, J_ or J, (see F 7//

sample no.176-R8C3 wi

urve with light short circuit

tion of J-V characteristic of

shown in Figs. 5.2-5.5.

(5.1)

V (volts)

Figure 5.2: Example of the J-V curve of CIGS-based solar cell no.1 76-R8C3 at

standard measurement (under dark and AM1.5 illumination)
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The shunt conductance G, was obtained from the minimum value of the
slope dJ/dV in reverse bias (see Fig. 5.3) and used to calculated J' = J -GV .

The dJ/av versus ¥ curve yields shunt conductance (see Fig. 5.3). For all
devices, the dark shunt term was small enough, so that it can be neglected in the
subsequent analysis. The light curve showed a slight change of current collection
with voltage. The un-smoothed light curve was noisy due to flicker in ELH type

halogen lamp powered by AC so atter was reduced by using the value of

dJ/dV (mS/em®)

quﬂjﬂiﬂQmi ik
TR

With R,G <<1, differentiating Eq. (5.1) gives

EK = Rs +A_kZ(J, +J.\'c )_I

= ; (5.2)

The series resistance, R,, was obtained from the intercept and slope of a

linear fitto d¥ /dJ' plotted versus (J'+J_)"' (see Fig. 5.4).
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Figure 5.5: Logarithmic plot of J'+J,_ vs ¥ —=R_J' both in dark and illumination

for sample no. 176-R8C3. Straight lines show the fit to determine Jyand 4.
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By using the value of R, the forward current J, and diode ideality factor A

were obtained from the intercept and slope of linear fit in the logarithmic plot of
J'+J, versus ¥V —R.J' (see Fig. 5.5). The results of the diode analysis for the J-V
data from 15 samples under standard J-V measurement are summarized in Table

%

Table 5.1 Cu(In,Ga)Se,-based solar cell parameters under AM1.5 illumination at

25°C .

Sample | V, Illuminated

no. ) A Jo A

(mA/cm?)

176-R8C1 | 0.60 1.56 | 9.0x10° | 1.86

176-R5C1 | 0.61 1.53 | 4.0x10° | 1.73

176-R6C5 | 0.62 1.86 | 8.0x10° 1.90

176-RI1C3 | 0.63 1.64 | 7.0x10° 1.88

176-R8C3 | 0.63 1.66 | 6.0x10° | 1.86

171-R8C1 | 0.50

1.58 | 2.0x10* | 1.67

171-R4C1 | 0.53 1.54 | 6.0x10° 1.55

171-R6C3 | 0.54 1.63 1.0x10™ 1.66

171-R2C1 | 0.54 145 | 5.0x10° | 1.57

171-R4C2 | 0.54 30.84 16799 | 11.32 0.036 1.329 4.0x10° | 1.59 | 5.0x10° | 1.57

L o1 0A L= OALO 1L
164-RAC2 O.Fﬁ;ﬂ_ﬁ] s3g2 |f |oB0 | Jodiof | [ 1103 [ || #hxio* | 172 | 1exio” | 182

164-R5C4 | 0.47 ii28.93 63.35 0.185 lal.383 9.0lej 1.77 | 1.6x10° | 1.84

8.61
164-R2C3 0. 2ﬂﬂ %567 W :h flﬁ;-] jlﬂi ';loa*?ll.es 13x10° | 1.88

164-R4C5 %.49 27.59 63.52 | 8.59 0.824 1.400 5.0x10" 1.75 | 9.0x10™ 1.80

164-R6C1 | 0.49 30.54 64.89 | 9.71 0.002 1.002 3.0x10™ 1.70 1.2x10° 1.85

Analysis of the J-V show that the Cu(In,Ga)Se, based thin film solar cells are
good behavior, i.e. the J-V results can be described by the standard diode equation

(Eq. (5.1)). From Table 5.1, all values of diode ideality factor are between 1 and 2,
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correspond with the mechanism controlling the junction behavior in these solar

cells; Shockley-Read-Hall (SRH) recombination in the space charge region of the
Cu(In,Ga)Se,.

From the above results, most samples in Table 5.1 show very high R,

compared with CIGS-based solar cell with efficiency ~ 10% (R,< 0.1Q-cm” %),

With the high R and the current collection dependent of voltage (J, is not

constant), the superposition prineip ‘% olds and the light J-V curve cannot
be described by a simple t : e. Therefore, the determination

s. 4.6 — 4.8 gives high error

.G <<1is not valid. The main

of diode parameters wy ¢
since the assumption that an
_ N
s _\\ﬂl factor and the solar cell

performance, so that it i : R, of our CIGS-based solar cell

- e e

9 Mo back
contact

Figure 5.6: Possible distributed resistance model.

Figure 5.6 shows the possible causes of series resistance in our CIGS-based

thin film solar cell which have following contributions:
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- Resistance of the front grid structure,
- Contact resistance,
- Resistance of the back contact sheet,
- The lateral resistance to current flow along the plane of the film depending
on the distance x.
- The transverse resistance through the base layer.
However, there are some ﬁ e;-based thin film solar cells which
cannot be represented in te &I &tlon of photocurrent and forward
diode current in the darky cha act these samples were shown in

the next section.

of the bulk propertiesgf ..fhe CB er layeﬂon the performance of the

Cu(In,Ga)Se,-bas ﬁd thin' £ilm solar cells! All three samples investigated in

MEJ Q%ﬁm j}% ﬂ;])f(]dj ZnO/Ni(Al) structure
U1 TSP )W 1

standard solutions in the CBD-CdS process contain 0.004M CdSO, and 4.0M NH;

this experimen

but thiourea concentration was varied between 0.03M and 0.1M while the thickness
of CBD-CdS layer was kept constant. After completion of the device, the whole
piece was scribed into 40 cells as shown in Fig. 5.7. Table 5.2 summarizes the

preparation conditions for the CBD-CdS buffer layer.
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Table 5.2: Preparation conditions for the CBD-CdS buffer layer.

Sample | Thiourea conc. Chemical Bath Deposition Time
no. M) Temperature (°C) (minutes)
156 0.03 60 6
157 0.06 60 8
158 0.1 60 10
L_;\
1 Y\\ 2S5 33
2 ] 34

18==F
20019 e | 35

7\ ase] 36
Z

5 N N 37
6 e 0. | 38
NET : 39
6 o | 40
Figure 5.7: Schematic o 1 fyﬁi@ [ CIGS-based thin film solar cells on each
P e e

7 the position of each cell.

The standard I-V results-;'éfjfe_hea{ Cu(in,Ga)Se, — based thin film solar cells
no.156, 157, and 158=were shown ir '_‘__- hese show the crossover
effect or the distort 1 ﬁrves. In other words, the

superposition principle of the illuminated,and dark I-V curve is no longer valid.

Each position ﬂtu &(}%B% W'&Jr}tﬁgee of crossover. Some
positions show c};'lne good I-V and some positions show degree of
At

crossovc| i | b8 i, 822080

characterlstlcs is independent of the thiourea concentration. This indicates that it is

ct in the I-V

quite difficult to determine the optimized condition of thiourea concentration in our
CBD-CdS process. The main cause is due to the uniformity of elemental
composition in the Cu(In,Ga)Se, absorber layer. It has been seen that more [Cu)/
([Ga]+[In]) ratio, more quickly the colloid formed within the CBD solution and

they have variety of possible products of the CBD reaction that is the effect of the
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exchange reactions occurring at the interface of the CIGS and CdS. It means that a

small variation in the CBD process chemistry may have a significant influence on

the CdS/CIGS interface and on the performance of the resulting devices.

156-position 3 || 156-position 14
i i ! o
[ o I
—— ‘ l 006 -
L
< =ik i Il =< 0:04 =
- 5 -
s =
E 0021 - 0: ——
3
L e RO 4 + Sl AR
46 04 02 06 4 02 02 J}/ 06 08
e ' oy ;
voI | voltage (volts)
156-positi 7 \ 156-position 24
i — l."' -
% 1&;1 \
LN |
i 06— T |
| PO '
= 004 =< 0-04
‘ E + “‘ﬁ <4 - -
E - i -r.r—"‘g- s el 0.0
3 — B
= MY,
96 04 02 | ONS 02 04/ 06 4;!'0'2
‘ - : y —
v (volts) . voltage (volts)
I ” fﬁ_ S : i

156-pos |t|on 40

current (A)

46 04 02 0 02 J/ 06 ols 06 04 02 0

002 |
Uz

voltage (volts)

voltage (volts)

Figure 5.8: Thé dark and illumination I-V characterlstlcs of sample no. 156

(Thiourea conc. 0.03M) at different position.
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Figure 5.9: The dark and illumination I-V characteristics of sample no. 157

(Thiourea conc. 0.06M) at different position.
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In order to find the optimal impurity concentration in the CBD-CdS layer in

our experiment, the average solar cell parameters of all 40 individual cells of each
sample were considered.

The CIGS-based thin film solar cell parameters (J_ .V, ,FF ) with three

sc>" oc?

different thiourea concentration were presented in Fig. 5.11 — 5.14.
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Figure 5.11: Variation in the open-circuit voltage V. of 40 individual CIGS-based

thin film solar cells in this experiment.



63

34 5 A
32 ! a A A e
= O
i A A 68 ROOAA 6OQOOA AOOOOO
304 A A SA AN A o 0...-"h A
F A EéA Al:l UDD 813 DDDA BDDDD E o 5 Dﬁ;
— 1 ] 0 0
°g 25 -Aggooﬂg o oooooeﬂu Ug Chan= o
26 487 P00 % B
£ Ee a
o241
g -
22 | O CIGS156 (0.03M)
20 | CIGS157 (0.06M)
18 1l CIGS158 (0.1M)
16 3 : — t

0

Figure 5.12: Variation
: . &
CIGS-based thin film solaf cells

_=_ = = f’j
D% - ol oo
AUEINYNTNYINT
N8N TN TYRERGE

FF (%)

25k 6M)
20 o CIGS158 (0.1M)
15

L I s S s

0 8 16 cellno. 24 32 40

Figure 5.13: Variation in the fill factor FF of 40 individual CIGS-based thin film

solar cells in this experiment.



64

13
A
o A A A 0h AA
T Aéﬁgﬂ O@uo -
10 1 Acoa® - BUSD Aot . DQD
9 Ta Aoo - P o
o818 °© . oo %7 O
g O
= 7 = ]
= 6 8
5 | O
O CIGS156 (0.03M)
4 1 \ CIGS157 (0.06M)
2 '1GS158 (0.1M)
i . :
" 32 40

Figure 5.14: Variation#in dual CIGS-based thin film

solar cells in this experin

Table 5.3: Statistics ¢ 'f g J h sample made into cells

as a function of thlourﬂ concentration. ample no. 1 ' (0 03M), no.157 (0.06M),

4

no.158(0.1M). ﬂ u_& ~ /1 ﬂ ‘i

@ Vo (vdlts) Jse (mA/cm”) FF (% n (%)
s | Bl &€ | & o/
= S o M l
© S I
-d' % [ e : b = ] =
5 £l & ['E g = | E| & |l = Sl ol =8|
@ | =2 |2 | = m s 2|2 |lv|= E sla|l2 |22 |@
156 | 39 | 0.58 | 0.44 | 0.52 | 0.03 | 29.8 | 26.0 | 284 | 1.05| 68.8 | 49.9 | 60.5 | 4.64 | 10.6 | 645 | 9.11 | 1.16
157 | 39 | 0.56 | 044 | 0.53 | 0.02 | 33.7 | 25.2 | 30.3 | 1.75 | 68.6 | 54.5 | 65.3 | 2.80 | 12.3 | 6.05 | 10.6 | 1.22
158 | 39 | 0.58 | 0.50 | 0.55 | 0.02 | 31.7 | 25.1 | 288 | 2.10 | 69.4 | 488 | 63.2 | 589 | 122 | 7.97 | 10.0 | 1.26
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CBD-CdS bufferayer.
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Table 5.3 and Fig. 5.15 show the average CIGS-based solar cell parameters
along with their standard deviation. In spite of the samples were not processed at the
same time in the Cu(In,Ga)Se, evaporation runs or under the same time in the ZnO
window layer fabrication after the CBD-CdS process, they still give an idea of the

sample to sample variation, and the cell to cell variation within each sample. From
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these results, the thiourea concentration of 0.06M gives us the highest average solar
cell parameters as long as we have a good quality Cu(In,Ga)Se, absorber layer.

The above results indicate that the impurity concentration in the CdS layer
play the minor role in the junction formation of our CIGS-based solar cells
fabricated here at the Semiconductor Physics Research Laboratory, Chulalongkorn

University, which the elemental composition of Cu(In,Ga)Se, is not uniform over
all the area of 5x6 cm?. Besides %\ # ent, the distortion of I-V curves or the
crossover effects have been{ d& The high-efficiency CIGS-based

thin film solar cells al?

a slight crossover at ro

characteristics perforn

or defects in the CBD-

The depgpycﬂahn&l ﬁa)iez —ﬂs’]iftlm film solar cell device
charactey;j w |§nlsm ? wﬂ ﬂmea E’y studied for the

recombination me e interface or the space charge region of the
heterojunction which are the key components to obtain the energy band model. In
this section, the dependencies of the CIGS-based solar cell performances on
illumination intensity were presented. To investigate the effect of illumination

intensity, I used five CIGS-based solar cells samples with various J-V

characteristics (under 100 mW/cm?). These samples were measured at four different
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illumination intensities: (1) I, (= 100 mW/cm?), (2) ~2 1, (3)~0.581, (4)~0.36

I,. The reduction in illumination intensities were achieved by varied the distance
between the ELH lamp and the sample stage. The J-V characteristics of five
samples are shown in Figs. 5.16(a)-(e).

The primary change observed in Fig 5.16(c), (d), (e) is the decrease in series
resistance when increase the illumination intensity (high degree of crossover) but

this effect cannot be observed in Fig &

@a) and (b). It can be expected that the

of the slope of the J-V curves
\\\\

. Fig 5.16(e) changes very

in reverse bias. The Va
: \. W Fig. 5.16(a), (c), and (d).

dramatically with ill
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Figure 5.16: J-V characteristics of sample (a) no.164-R8C1, (b) no.164-R5C4,
(c) n0.176-R1C3, (d) no.176-R5C3, and (e) no.178-R8CS5.
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from five CIGS-based solar e N\
Figure 5.17(b) shows imple as a function of illumination
intensity. From thesq:_fgsults, I of e oportional to over all range of
illumination intensi ,—” m 30 to 7 Ll .17(a) shows the linearly

changed of ¥V, with the logarlthm of 1llummatxon intensity. As described in chapter

4, the J- Vrelauﬂ uﬁi@ew‘ﬂ:‘nﬁ WEIN?

ammnft{iﬁ%ﬁqﬂmaﬂ

J . is proportional to illumination intensity (Fig. 5.17(b)) , so that we can
estimate the diode ideality factor from the slope of V. vs. logarithm illumination

intensity in Fig. 5.17(a). The result of approximation is 4~1.55 for sample no.164-

R8CI. The obtained value corresponds with the value analyzed from the J-V
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chracteristic under standard condition (see details in section 5.1). It can be

concluded that the mechanism controlling the junction is SRH recombination in
space charge region, in other words, no improvement on the recombination

mechanism with increase the illumination intensity.

5.3.1 Light Soaking Effects

Many CIGS-based solar cell samples used in this research have distortion J-

{.2.digde-like J-V. These devices showed
’.—d'

“THE impio vewmr cell performances, using
heat treatment or post anuealing ., ’\ \ experiment, | investigated
o i

V characteristics such as crossos

poor solar cell performang

the heat treatment or light sg n é \\ aracteristic of CIGS-based
i ¥ Y2 :

solar cell sample no L§8-RICS ﬁ\ S at standard condition (100

mW/cm?® 25°C) was 2-diddedik J— fLicurves.

\ s_’ soaking effect on 2-diode-

@

like J-V characteristic was/Show 15;@5,
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Figure 5.18: J-V characteristic of CIGS-based solar cell sample no.158-R1C5
during 15 minutes light exposure (at 25 °C under ELH light @ 100 mW/cm?).
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Figure. 5.18 shows the light soaking effect on the distortion J-V curves. The

primary change in an improvement in the J-V curve is that the 2-diode-like J-V
curves disappear, which, of course, increase the fill factor and efficiency. After
relaxing in the dark for 60 minutes, the cell performance is essentially restored to its
initial condition but the distortion J-V curvé cannot be observed. The solar cell
parameters of this sample no.158-R1C5 obtained before and after light soaking are

shown in Fig. 5.19.
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Figure 5.19: CIGS-based solar cell performances as a function of light exposure.

Fill circles show the value after relaxing in the dark for 60 minutes.
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Figure 5.19 shows the light exposure effect on the solar cell parameters. The
most noticeable is an increase in fill factor and efficiency, but no observable change

in V, after light soaking. The changes are rapid at first, but can continue at a
reduced rate for long time. After relaxing in the dark (filled circles in Fig. 5.19), it is
found that the improvement can also still compared with before light soaking. It
could be described that the light exposure seems to almost eliminate the traps or the

recombination centers at the mterfa‘c; Hfl 22 in the improvement of the junction

formation, therefore, the devl’ee.ghangest diode.

—

5.4 Tempera yendent Current-Voltage
Character 3
7 |
Analysis of the cu nﬁg‘cﬂ;age f Cu(In,Ga)Se,-based thin film

solar cells has been used for wﬁefstanﬁd%‘hechan‘i?ms limiting ¥, and device

-

performance. Previqus-tesults i section 5:1 have : ,_gdicated that the primary
in samples ZnO/CdS/Cu(In,Ga)Se,
thin film solar cells is “Shockley-Read-Hal ﬂ ’ﬁrecombmatxon in the space

charge region vﬁx u HQ:MIEJ mjA
In tlﬁa ment,. J- _c}{";umotj m im a function of
temperatu pe a‘;l.lle d&gat nt gr measurement the sample

was mounted inside a vacuum chamber with the possibility to cool down to 150 K

2
mechanism controlling the junction behas

and to heat up to 400 K. The temperature was measured by a thermocouple placed
on the sample surface. The ELH type halogen lamp served as illumination
normalized to 100 mW/cm®. In the following, I show the temperature-dependence
of current-voltage characteristics of ZnO/CdS/Cu(In,Ga)Se, heterojunction solar

cells. For the evaluation of these experimental data, I took the current voltage
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relation as described in section 3.2.2. The samples used in this experiment were
prepared as described previously in chapter 4.

The J-V characteristic measurement as a function of temperature for two
samples ZnO/CdS/Cu(In,Ga)Se, thin film solar cells are shown in Figs. 5.20 and
3.21.
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Figure 5.20: A plot shiby

istics of ZnO/CdS/Cu(In,Ga)
Se; solar cell sample n67123 as a function of temperatur€.
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Figures 5.20 and 5.21 illustrat ‘e the J-V curves asa flmctlon of temperature of
e QA RARETAUNAE RIS e
series with the main diode, which are clearly observed in the forward bias J-V data
at lower temperature. At low temperature (i.e. 7 <280K) the forward voltage bias
behavior exhibits an increase in blocking behavior, which is a contribution due to a
back diode. This has been reported ** before and attributed to a non-ohmic Mo/Cu

(In,Ga)Se, contact. This back diode does not affect V., but prevents analysis of



7

2

current density (mA/cm)
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the J-V curves to determine the parame ers. The full J-V characteristics can

higher temperature. Thus, the

X

then be fitted using oni
analysis is restricted V

The J-V relatlonmor the CdS/Cu(In,Ga)Sez Junaon in presence of light can

be described in W Efmzlﬂ E]Wﬁﬂﬂ clhﬂt nerated current in the

opposite directiofil which includes lmear senes and shunt correctlon The diode

e 10 BRI DR st

section 5. 1

The J-V characteristics of the two samples used in this experiment under
ELH illumination normalized to 100 mW/cm®> AM1.5 at 25 °C are listed in Table
5.4.



Table 5.4:

25 °C under AM1.5 illumination.

J-V parameters of CIGS-based solar cells studied in this experiment at

Sample no. | Vi (volts) | J, (mA/em®) | FF (%) N (%)
No.123 0.66 26.48 70.77 12.37
No.68 0.50 31.72 55.85 8.858

The following J-V relati

W//analyze the data with the results for

sample no.123 given in T

d
| — '_‘ —
Table 5.5:  Diode par fferen for sample no.123.
ar illumination
Temp Voc J - 4o A - factor Jo Rs
(K) (volts) (mA/cm* A - (mA/cm®) | (Q-cm?)
370 0.45 281 | (2o%0d 1578 | 35x10° | 134
a7 N a
360 0.47 25.92 6 dhis 140 1585 | 1.9x10 1.39
‘- "m I: )
350 0.5 2559 62 S 1 1623 | 11x10° | 1.1
340 053 26.19 1672 7.0 7 1731 | sox10” | 137
Jl f‘_: i, "_." :
330 0.56 25.31 1763— 40 1.39 1753 | 4.0x10" 1.43
LTI\ L)
320 0.59 2568 | 1435 . 20% 1816 | 20x10" | 142
310 0.62 \ ‘ 1857 | 1.0x10" 147
300 0.64 =1 195 | 6.0x10° 1.57
290 0.65 25,0 1.88 9.0x10 2.68 m 1983 | s.0x10° 1.91
280 0.66 24778 4u 2086 | s0x1080 2.68 2069 | 4.0x10° 2.08
s [ i
w | oo @ FEDVNHNIWEING
260 0.67 25.06 | o
=™
« AFNERTIUNRNING 4]
240 0 326, y b : ,
230 0.7 25.86
220 0.71 25.34
210 0.72 25.38
200 0.73 25.88
190 0.74 26.02
180 0.75 25.83
170 0.75 25.74
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Table 5.5 shows diode parameters under dark and illumination, which Iy
and 4 are extracted from the J-V characteristics at higher bias after correcting the
curve for R, (see fitting procedure in section 5.1). I review the J-V relation used to

analyze the J-V data 2.

q(v - R,J) }
J=J ——=-1:-J_+GV 53
O{exp AkT sc ( )
with
(5.4)
At J=0,
(5-5)
(5.6)
where E,is the band gap €nergy L'; ~abserber, and J,, is a prefactor which
depends on the transport hermal activation) ''.

If 4, J and :———— ---------- -\:i perature T, a plot of ¥,

vs. T should yield a sﬂight ine and the ext apolatita of this line to 7=0 K gives

the activation eﬁmg acﬁ ﬁ Wl%éwmﬁlﬁ without tunneling, E,

leads to potenti
N T IR T e oo
AR TR N PR
absorber layer by extrapolation of the ¥,. vs. T plot if the diode ideality factor 4

depend on temperature 7. In this case, when the tunneling becomes a major
contribution to the recombination, the diode ideality factor becomes temperature

dependent, inducing non-linear term into Eq. (5.6).
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Figure 5.22: Diode id K'and light J-V characteristics.

[;
g .n ,; i \. lemperature and the values of

A are between 1 and 24n 4 temperatute 1ange her een 370 and 290 K. This

Figure 5.22 shows'tha

indicates a thermally activated 1 binaty a a distribution of trap states in the

space charge region ofithe absorber materi 290K, 4 may increase above

two due to an increasedic satiration current density J,

in Eq.(5.4) can be rewrimn as ' iy
ﬂ ‘IJEVG m%;wmmm (5.7

s SeA e 11 A

line with & slope corresponding to the band gap energy £, in case of bulk

recombination, and correspond to the activation energy £, in case of interface
recombination. Figure 5.23 shows a plot of A4In(J,) vs. the inverse temperature 1/7

of sample no.123. The approximation of band gap energy of Cu(In,Ga)Se, absorber

layer of sample no.123 obtained from slope is 1.14 eV.
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Figure 5.23: A plot of Ain.J§ 8. t B ure (1/7') of sample no.123.

The slope yields the band %ﬁ) oy absorber material of device

(Eg ~1.14 EV) / ..—:J
-, T LA AN )
It can be conglude at “the q analysis of the temperature

dependence of the did '-f &cide in either case whether

-
or not tunneling contnhmes significantly t0 recombinai ion

In additi hﬁilﬂ? Wﬂepjﬁ of the open circuit
voltage V. Asﬁ\ a ‘defect Stat is determmed by Eq.

6 TARTENIPAR SN TN BT 2 o

sample n0.123 and sample no.68, respectively.
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Figure 5.25: Temperature dependence of the open circuit voltage J7,  under

illumination 100 mW/cm” of sample no.68.
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Figures 5.24 and 5.25 show the temperature dependence of V.. For the

extrapolation of ¥, vs.T, the open circuit voltages of samples no.123 and no.68
extrapolate to the values of approximately 1.14 V and 1.06 V, respectively,
corresponding to the band gap energy of Cu(In,Ga)Se,. These results show that if
the recombinations occur via the trap states in the space charge region of the

absorber dominating the extrapolation of ¥, vs. T correspond to E,, whereas in

case of interface recombination ‘ﬁh\\%lon of V,. vs. T corresponds to

interface barrier height. "&

From the abov(

\\

‘qﬁayﬁx{the J-V  characteristics of

i Node equation which includes

under illumination presents the
back diode in series w1th o;he main heterOJ%ctlon solar cell >*. The back diode most

probably a schOﬂyupE}t'@ eMdICiTh Gale, unctidnl However, the back diode

or non-ohmic comact behavior does'not have any, effect on theyopen circuit voltage
and is th%w%@xﬁla §<§unurw C}t’}gﬂwpgka)al&la This behavior
may originate at Mo/Cu(In,Ga)Se, or changes in the electrical properties of the
Cu(In,Ga)Se,/CdS junction. Thus, the high efficiency Cu(In,Ga)Se,-based thin film

solar cell is modeled by the equivalent circuit illustrated in Fig. 5.26.



Table: 5.6 P%‘luﬁl geﬂfaj mi mﬂ ’1fljgy band diagram of
TR M I nen gy
Mater; and gap energy ork function ectron affinity

Eg (eV) ¢ (eV) x (eV)
Mo - 4.3 -
CIGS 1.11 - -
CdsS 242 7.26 4.1

ZnO 3.3 - 4.3
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Figure: 5.27 Schematic of energy band diagram before (a), and after (b) the

formation of ZnO/CdS/Cu(In,Ga)Se, heterojunction.
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From Fig. 5.27, the Fermi level of p-CIGS E, , 1s lower in electron energy
than that of n-CdS E,.,. Define the band bending in n-side and p-side are ¥, and

Vb ,» respectively. The Fermi level displacement E, » — E, can be written as

E.,-E;, = (Zczos +E,ci6s = Ocics )" (ans +Ocus )

= VDn _VDp > (58)
with (5.9)
and (5.10)

The total built-in v¢ ce in work functions is equal

to the sum of built-in

(5.11)

The depletion /pe x, can be written as

5.12)

e - —

(5.13)

where ¢, and ¢, are dielect mn-type respectively, N, and

N, are concentration of aceeptor in p-typeiand donor in n-%pe respectively.

The rela%mgvmaﬂ mj W EJ f] ﬂ
ARIAINTBEFINYIANY o

When an external voltage ¥ is applied across such a junction, then the Egs.

(5.8)-(5.14) can be written by replacing ¥,, by (v, —V), replace ¥,, by (v,,, -V,)

P
and replace V,,, by (VD,, -V, ), as V=V,+V,, hence

Voo =Vy _ Ny,
Von=V. Nye,

n

(5.15)

”__
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With this proposed band diagram of ZnO/CdS/Cu(In,Ga)Se,, the J-V

characteristics in this research can be described as following:

The J-V characteristics from the standard measurement in this research can

be divided into three groups of features, the first is normal J-V, the second is the

crossover J-V and the third feature is the 2-diode like J-V curve.

1.

Normal J-V characteristics

In this case, the CdS/CIG $ yas low concentration of interface states
or traps. These traps Q\
dark and illumin

2 : ard bias voltage under dark and
illumination, rate.of dectensis width of both sides is equal.

letlon width of both sides under

d illuminated J-V is valid.
RO <2

In this case, the et a .. CdS/CIGS interface is high
enough. When the/jusetic mder i ination, the traps will be occupied
by the photogenerated ﬂﬁcﬁron—@iré' resulting in the density of donor
N, dlfferentrlfrom Ny andet ¢ 7

tua 'on.£Consequently, the rate in

decreasing of ¢ flat band woltage under

illumination 153naller ar sﬁuatﬂon Thus, the crossover I-V

Irves a

| dedjﬁ‘mmumwmm

q?zm ﬁ 5—1 sE] ﬁfgjﬁfference in the
ra ecr asmg in depletion width of both sides resulting from the high

density of trap states in CdS layer and ZnO/CdS interface. It results in
splitting of the built-in voltage into two potential with different gradients,
i.e., one across the n-ZnO and the othere across the CdS/CIGS interface 2
Under illumination situation with forward bias, voltage across ZnO is

unaffected while voltage across CdS/CIGS flattens. With apply more bias,
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the electron concentration cannot increase exponentially with the bias due to
the potential barrier. When pass the ¥,., more electron exist in the CdS,

lowering the voltage across ZnO/CdS interface. Therefore, the current

resumed exponential increase.

5.6 Conclusions =

‘* ”//é,_«..

In this chapter ge characteristics, and used

the 1-diode model to llmg the junction behavior.
The results show th

Cu(In,Ga)Se,-based thi

ing the junction current of
erature is SRH-recombination
in space charge region. V' characteristics measured as a
function of temperature, how that at low temperature diode

ideality factor increase -,-:_ ¢ two-due t ased contribution of tunneling. I

also described the i l!i es in the CBD-C« and the illumination intensity

effect on the J-V chaEctensn - g propogd the possible energy band

diagram of ZnO/ F:Tds/c ﬁﬁ;ﬁ ﬁleﬁ ﬁfw B’] ﬂ ‘i
QW'}Mﬂ‘Em URIINYIA Y



	Chapter 5 Results and Discussion
	5.1 Results and the Analysis of J-V Characteristics
	5.2 The Impurity Concentration in CBD-Cds Effects
	5.3 Illumination Intensity Effects
	5.4 Temperature Dependent Current-Voltage Characteristics
	5.5 Proposed Band Model
	5.6 Conclusions


