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This special project presents the study of thin film refractive index measurement.
Se-thin films are prepared by vacuum thermal evaporation. Their reflectance was
observed by reflectance spectroscopy. The results are plotted versus wavelength.
Finally we can calculate refractive index that vary to wavelength. The result shown

refractive index of a-Se is nonlinearity.
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AT NULARIAINITA ST A UTAI N AN LD MR THATALIINNAIINNUI 815 nm

P}
ANENIARL (nm)

ANTAZTIAU (a.u.)

500 1.03E-03
510 2.20E-03
520 2.43E-03
530 2.75E-03
540 3.00E-03
550 3.30E-03
560 3.50E-03
570 3.68E-03
580 3-70E-0%
590 3.80E-03
600 4.28E-03
610 5.18E-03
620 4.63E-03
630 3.63E-03
640 6.96F:03
650 9.30E-03
660 1.11E-CR
670 9.35E-03
680 5.25E-03
690 4.45E-03
700 9.73E-03
710 1.55E-02
720 1.85E-02
730 1.88E-02
740 1.66E-02
750 1.23E-02

A3 4.1 LaAIAINITasTauIadAANLNa e T HAT AN NTIAINALY 815 nm
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ANENAAAL (M) ANNTEzIaU(a.u.)
760 7.40E-03
770 4.78E-03
780 6.55E-03
790 1.11E-02
800 1.57E-02
810 1.90E-02
820 2.09E-02
830 2.17E-02
840 2.13E-02
850 1.99E-02
860 1.77E-02
870 1.45E-02
880 1.10E-02
890 7.78E-03
900 6l 1eE-08
910 8.43E-03
920 1.24E-02
930 1.73E-02
940 2.22E-02
950 2.62E-02
960 2.92E-02
970 3.13E-02
980 3.24E-02
990 3.27E-02
1000 3.21E-02
1010 3.05E-02
1020 2.83E-02

A19199 4.1 (Fla) wanaAINIsazia Ut iaNL9ezNasNaTaLNeNAIANART 815 nm

21



Reflectance a.u.

500

600

700 800 900 1000
ANNENIAAY (nM)

d. ] a aa a dl
g 4.1 nsnAINNsazTauaasfaiuNariasNadaReNNANNWUN 815 nm

1100

1200

4



Reflectance a.u.

500

600

[ T I I

700 800 ! 900 1000
ANLITIARL (nm)

71 4.2 neANNNsasTauTasRatuNtarNasHad AL a NARIINTRY 930 nm

1100

1200

o5



Reflectance a.u.

500

T I I

600 700 800 900 1000
ANANNEINIARL (Nm)

317 4.3 navlAnnnsazvientesiasiunsesnefiladfilianiinanumun 1220 nm

1100

1200

144



P~
unf 5
N199LATIZREAANITNARDY

& a d
5.1 AURDUNITALATIZR
511 BNanNIAaeaTidannisnasassanwaudailalnsalatiaasiduing

Lgesed]

cop  alal = a iy 9o o
'ElZN@?ﬁ@“ﬁ@LT&ﬂNN"IL‘Bﬂuﬂ?’I’N‘33ﬁ’3"\\1ﬂ"1ﬂ"]ﬁ'ﬁ3 BUNLAITNENIARUAIFL

14pt Application Font

Thickness of flim (nm)
ie18]

gU#1 5.1 BAAININT LE =M IN9AINFa LT AU UAINNENIARY



26

5.1.2 MANANsEIAARTIT WA AN NNsszTiauilAngsgauazangmannnani

WIA339DENITUNINADA

Thickness of flim (nm)

g5

Reflectance(a.u.)

Lamda of peak (nm)
#6117
660
726
832
989

Lamda of valley (nm)

607

a‘ ' c!l ai-d ' ¥ °
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i

dl 1 al 3 & dl ' v
5.1.3 fangegn An m avfianududnusuindssnansnlszannsiizes m ldan

ANNIT

OPD =2n.t cosé, +121— =mi (5.1)

farsnnanngUil 5.2 aefnumisgegatesaail 2 ArpanuenaARY 660 wtuuasHiA NN

815 wnluumsLAYLANNIZNY 45 29A1 TusranunsnmAyuvinuldainngaes Snel's

faw

n,sing, = n,sing, (5.2}
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21/71 5.3 bamans W9 eI ArnImlUsI9An e

AnFaREnmaRIiiFy ( n,) dszainmuAnlFarnnanEndefiaonuenanan 660 wliwuns A

W n, ~ 2.6 n, AFldunuluannisi (5.2)

cosé, =0.96

W n, uaz cosd, ldunuluaumsy (5.1) azls
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514 1A m Tszanoernlgllunuluannis (5.3) enARaidinLyd

Ay ' ' =
AINNLNIAAWIE ATNATANULANANIIDITTEIZNLTILES (OPD)

OPD =2n,t (53)

= o/ o/

d“l A« d‘ £y a ] dl a o d‘d ]
AINBN —2- 1l OPD AAANNNIFALYIAULITIANTDEABNLAIAUNINANNAINANANATRUN

o = o

wannndnlufaiananendsaiinmtesndndagiln 2.5

5.1.5 fansanTaaall samsifaeusn m sy = dwdunisunsnaaauuy

N | =

o ¥ o

néauazilanuan m Wfiaz1 dwduntsunsnaenuuuiauaiisdarirliunuluanni
(5.3) 1@ ANAERENN TN ETIARUFIST
o 1 1 ﬂl dl [ - o g
516 WA 71, LazA1ANe 1A RRRANTUEIUNINITHAANTINTENINa
n, wazpsngnaaad el 7, Wuwnu y savpanuenaafiutuunm x waginnisilansm

el don ke y
Wauen 7, Muiaiduaesmuennni

4 Mindovs | Help
| 'Ipt Application Fon! J 5

Type of Fit Order Fit data for equation
fPolynomial| - ¥ 2| Bt Bl

lamda (nm) Index
611 #2590 |
627 2.785
660 2.725
685 2.621
726 2.551
™ 2.469
832 2.403 |
o 220 Equation of Fit
989 gogpl. e :
1103 2.149 y = +5.455E+0 - 5.874E+6x + 2.625E+12x"2

3117 5.4 uansAnsaifnufinuE1IARUA1e] wazaunisiildannnsilansn
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5.1.8 TnnsunuArdaiiinuiiFainaunissasnisiansvasiuasnisi (5.3)
4#‘ ' ldl 1% ¥y ©° =l o 1 ai ' o
Wemdn m Al udashaFaufiausudn m faauuusian
5.1.9 gatieninAsineiidllunuluannimmdinisssiauaedisuuaes

AN9N9A%N

I s N

7
e 2
1+ r2r2 +2n,r, cos(g, )
ny —n n—n
,.1: 0 1’ r2= 1 2
Ny + 1y ng+m,
47n, coS ¢’ . 1| Ny Sin
¢1___ b ¢, ¢I=S|n1 0 ¢
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¥ © { %4 dl ¥ 1 dl nl' o oo ! ' %4
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d‘ ¥ o1 ¥ G5 4!‘ &3
LAZAIMNENIARU laalsAnn1gas ALl ismnig y LaZANNENIARIITI WD X

Thickness of flim (nm)
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e
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5.2 ANAE19UBINTSILASISH
5.2 1 Ynan1naasaflgannNauuvazuafiadaiienndaanumin 815 wilu
AT InaeRns sz AN razfiauiuALENIARY Aagi7 5.1

52.2 AaesANeEnAauIinlfAnNsazfiaulAgeaauazingn

FnAHEARUTITTAN R gagm (nm) FnANEABUTIEAN R Fi1ga (nm)
612 628
660 686
727 ({2
832 899
989 1103

= . o e P
AN 5.1 WAAIAIAMNENIARUIBINANLNNANINNYL 815 wluung

52.3 anviatan (5.1.3) azldAn m ~ 7 % Anug19AaY 660 uTulums

5.2.4 vaAsatlinmn Auenandusnge tdannaunih (5.3)

m A9INIENIAR (Nm) AGaTisinLy
612 2.900
Tiee, 628 2.785
7 660 25625
6.5 686 2.621
6 727 2991
59 2 2.469
5 832 2.403
4.5 899 2.313
4 989 2.237
3.5 1103 2.149

d‘ 1 o A o al o d‘ 1% o a
FA1TNN 5.2 LL@@Nﬂ']ﬁﬂ]u'ﬁﬂL‘Wllﬂ\'iﬂ@ﬂll']\'i'ﬂlﬂqqﬂﬂqﬁ‘ﬂquqm‘ﬂﬂqqmﬂuq 815 WUl Gs
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5.2.5 finmsiians et n, Mifluiaiduaesaouenandu #agia 5.4 az

I¥ann1zeeen1sinnsw ( Equation of Fit )

n, =5.455-5.874x10°2 +2.625 x10*1? (5.4)

5.2.6 NATUINAIUUUN 930 U TULNAT ATAINEARUNTN IEANNT A

fAngagauazinga azliRanns

ANAANNENIARLTTIAY R 494m (nm) ANANNENIARUTIRAN R rﬁ’ﬁ@]ﬁ (nm)
616 633
666 694
735 784
847 918
1007 1127

i : i a - <
AT 5.3 Lang AIANNENIARULBI AN LTI AU 930 ulwumg

5.2.7 whAnamemaauninlidnisazeuliAgegauazaigeiiliunuluas

d‘ Y1 o A o Aﬂl g dll i
N1 (5.4) 'ﬂZlﬂﬂ’]ﬂ‘ﬂuﬂﬂLWﬂﬂ’]ﬂ’J’]Mﬂ'ﬂﬂﬂum%‘l’]

A MENAARL (Nm) AT
616 2.835
633 2.788
666 2.707
694 2.641
735 2557
784 2.464
847 2.363
918 2.215
1007 2.201
1427 2.168

d' 1 o A o a) o i ¥ o =
ANTNN 5.4 memm‘ﬂuuﬂmmmﬂaummlﬂ@Wﬂm?mmm‘wm’mum 930 W luums
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5.2.8 TN UARI RN IUT LAanR137199 5.4 asluannisi (5.3) a<ldA1 m

PS[ZabaN:
ANNENIARY (nm) ANAITINLY m
616 2.835 8.8
633 2.788 8.4
666 2.707 il
694 2.641 73
735 2.557 6.7
784 2.464 6.1

AN9797) 5.5 LaAIA1 m N IFAINAITANKI LB AANLNN AN 930 w1 luLnes

NANTNN 5.5 AZHUIIMNANNNLIUBINANLNANAUAZR1 1A OPD wlasu

T Wil m ddwmldaulilbon dunndidaresnisunsnasanuaiugieiugaiaed

ANNUUT 815 W IRINAT AT M ~ 7 WHNAINUKNIR9NANUAAL 930 W TUINAT A1ALITRS

nsunINaeAuLLILETNAI TR anastazaeuliidly m ~ 8

o 1 2 o A a i
5.2.9 "nnslleuieussaiinun A naun171e9n1INANT NN AN AR

815 W lulums LAz 930 W luuaT IABINRATIAINENIAR WG

=
AYHENIAAY (nm)

N o
ANRITITNLAT AR NANNIT

109N AANIINAALWUN

.. o & dr A v
mmuunmw‘lmmn@um?

af dl
YAINTNANTINNATNIAUN

815 nm 930 nm
600 2.876 2.880
700 2.629 2732
800 2.436 2.623
900 2.295 2.553
1000 2.206 2.522

A7 5.6 LA AIANFTRFNUN LFRANAaNNITTIRINITAANGN
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nne
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Optical properties of electrodeposited CdTe thin
films
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Abstract

The absorption coeflicicnt speetra of the cletrodeposited CdTe thin films were analyzed and
compared with that of the single crystal. Pinhole-free thin films facilitated the analysis of the
high-energy regions of the absorption cocfficicnt spectra. The various allowed dircet and
indirccl transitions were detected successively by subtracting the extrapolated values of the
lower-cnergy transitions. The cffect of heat treatment on the optical transitions were analyzed
with filims anncaled at 300°C in air, argon and CdCl,.The dircct band gap of the clec-
trodeposited films decreased with increasing film thickness and approaches the value of the
single crystal. The films anncaled at diflerent envirenments show slightly lower value for the
band gap. Annealing in argon caused significant  change in the optical transition
spectra. @ 1999 Elscvier Science B.V. All rights reserved.

Keywards: Cd'Te; Thin films; Optical propertics

1. Introduction

Oplicai absorption coellicient measurements are essential for the understanding of
the band structure of any semi-conducting material, Many researchers [1-5] have
studied the absorplion cocfficient of single crystal CdTe. There are many reports on
the absorption cocflicient of thin film CdTe [6-8], but most of these films were on
transparent conducting glass and (hat may obstruct the accurate assessment of the
data due to the multiple reflections a¢ the interfaces and absorption at (he layers.,
There are reports on comparative studies of n-type and p-type (converted from n-type)
CdTe and is reported that the n- (o p-lype conversion has some effect on the
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absorption coeflicient, being higher for p-type near the band cdge [2.9]. Different
groups [10-12] have also studied (he dependence of optical constants on the condi-
tions of film preparations as well as on doping. The experimental results reveal that
the optical constants arc very sensitive to the structure, (exture and the impurity
contents in the film,

Electrodeposition is an attractive method for the preparation of large arca CdTc
thin films. It is a simple technique with high material utilization and s more
environment friendly than any other technique. The polycrystalline hetrojunctions of
CdTe/CdS has a reported efficiency of 15.8% [13]. The as-deposited films are n-type
with a strong prelerential orientation of [1 1 1] planes parallel to the substrate.

Inour laboratory we have undertaken a very detailed study of the elcctrodeposition
of CdTe. The effect of various deposition conditions on film properties, in situ doping
of the films, the eflect of both physical and chemical post deposition treatments on the
opto-electronic propertics, the influcnce of deposition conditions on deep and shallow
levels in the band gap of CdTe and their modifications with post deposition treat-
ments, cte. are studicd in detail. In this paper, we are reporting some of our prelimi-
nary results on the effect of post deposition treatments on the optical transitions in
CdTe. Results of a more detailed analysis will be published In_subsequent papers.
Fourteen samples from three different films prepared under identical conditions werc
used for this investigation. For a comparison the optical constants data cofrespond-
ing to single crystal [14] were uscd.

2. Experimental procedure

2.1 Film preparation
BBl

CdTe film was electrodeposited from an aél'ucous solution containing CdSO, (1M)
and HTcO; (100-150 UM). The telluride ion was supplied in the form of TeO,. Before
adding TeO, the solution was elcctropurified at room temperature for 48 h. The
reference elcctrode was a cOmihercial saturated Ag/AgCl and the counterelectrode
Was a pure platinum wire. A 0.05-mm thick stainless-steel foil was used as the working
electrode. The working electrode potential for purification was sct slightly more
positive than the deposition potential of cadmium. The deposition potential of
cadmium was determined by plotting the cell current against the reference electrode
potential, the potential corresponding to a sharp increase in the cell current was taken
as the deposition potential of cadmium. After purification at room temperature
the pH was adjusted to 2 by using very pure H,SO, and the solution was heated
to 85°C.

Alter stabilizing the temperature a( 85"C the deposition potential of cadmium was
again determined and the solution was further purificd overnight at §5°C, The
purification potential was determined as cxplained above. During purification and
electrodeposition the solution was stirred at a constant rate with a magnetic stirrer.

The films with thicknesses in the range 0.17-1.5 yum were deposited at 85°C at
® working elcetrode Totentinl vf -+ SN0 MV with resnect 1o b s .

Lo
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The overall deposition process can be represented in two steps [15,16].
HTeO; + 311" +4c™ — Te -+ 2H,0.
Cd2* hTe 4 de = CdTe,

The clectrodeposition of CdTe is a six clectron transfer process. In cach deposition the
numberof transferred clectrons was caleulated from the total charge and the mass of
the deposit. In the case of al] good films the transferred electrons for the deposition of
one molecule of CdTe was found to be close (o six. The thickness of the films was
estimated from the mass of (he deposit and using a density of 59gem™. For
sufficiently thick films the thickness was cstimated from the interference fringes in the
reflected spectra. The surface profiling technique is not suitable for films on metallic
substrates owing to the roughness of the surface.

2.2. Post deposition treatments

Three films with thickness 0.17, 0.7 and 0.74 nm deposited at identical conditions
were chosen for the heat treatments. The films were washed with de-ionised water and
dried with a gentle hot air blower. The films were cut into four picces and the first set
of three picces was loaded into a temperature controlled quartz tube furnace. The
films werc anncaled at 300°C in air for 30 min, after this the furnace was switched off
and the specimens were allowed 10 cool. The sccond and third batches of films were
annealed, respectively, in argon and CdCl,. In all the cascs the annealing was for
30 min and at 300°C. Prior to start anncaling, the quartz tube was evacuated (o
a vacuum belter than 0.001 mbar and flushed With argon (5 N pure). Forthe second
and third batches the maintained argon flow was about 100 cc/min at a pressure of
0.1 mbar.

For anncaling in CdCl; the cadmium chloride was taken in the powder form in
a ceramic boat and kept at the center of the furnace were the lemperature was
maximum. The samples werc keptat approximately 10 cm away from the center point
of the-furnace so that at the sublimation temperaturc of CdCl,, the temperature of the
samples was 300°C. The different temperature locations of the quartz tube at (he
ampient gas low was mapped experinmently. The amount of CdCl, taken in the boat
was only less than « third of the total mass of the CdTe from the three samples. Alter
annealing, the samples were allowed to cool in vacuum. The anncaled samples were
used as such without any further modifications. The fourth batch ol samples were kept
as-deposited and used for experiments.

2.3, Measurenent of optical constants and photoresponse

The refractive index and the absorption cocllicient of the films were studied by

using a Shimadzu UV-3101PC double beam monochromator. Samples with 1hick:.zcss
0.17 and 0.7 pm from the above four batches were used for the calculation of optical
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thinner films are necded to get a substantial intensity for the transmitted spectrum, so
the 0.17 pm samples are used in the 300-900 nm region.

For transmittance measurements the films from (he metallic substrates were suc-
cesssfully transferred to (ransparent glass slides. This was achicved by applying
a small amount of transparent glue between the film and (he glass plate. The bond
formed between the film and the adhesive was much stronger than that between the
film and the metallic substrate, so the metal foil was casily peeled of Ieaving the film
intact on the glass slide. This technique has been applied previously and reliable
results are reported [5]. The transmittance measurement of a thin layer of the
adhesive showed that the refractive index of the adhesive was well matching with that
of the glass in the entire region of interest.

Considering the multiple reflections at the interfaces, the transmittance of an
absorbing film on a non absorbing substrate is given by [5,17]

Me™*
“Poge . (1)

where a is the absorption coeflicient and d is the thickness of the film.
M =(1-RX1 —R,)1 =R,), P=(1-R,J}
Q = Rle + R1R3 P 2R|R2R3,

T

Where Ry, R, and Rj; are the reflection coefficients of the air-film, film-glass and
glass-air interfaces, respectively. Since a glass slide was kept in the reference beam
compartment, M = (1 — R;)(I — R,) was used. The reflection coefficients in the gen-
eral form are

(ng = 1% + k2 (g = n* + k2 (ng — 1)?

e+ DT+ET 2 " ek aF +62 "X PR

=
where n; and n, are the refractive indices of film and glass, respectively, and
k(k = ad/4r) is the extinction cocflicient of the film.

The spectral response of the photocurrent was measured in the 350-1000 nm range
using a Spex monochromator (1681 Minimate-2) with a 100W (ungsten halogen lamp.
The signal was fed into an X-Y recorder through an SR530 lock-in amplificr and later

digitized with an clectronic digitizer. The devices were schottky barriers with trans-
parent gold as the top electrode.

3. Results and discussion
3.1. Optical constanis
The refractive index (1) of the film was calculated from the positions of the maxima

and minima in the transmitted spectrum using the relation

AANG L) = A on .25 \ L

N Mathew, I Sebastian | Solar Frergy Materials & Solar Celly $9 (1999) 85 98 b

where 4, is the wavelength corresponding to the peak or valley of order m. The results
arcshown in Fig. [, with results of the single crystal for comparision. The single crystal
data was oblained from Refl. [14], the values of n above 830 nm were oblained from
the modificd Scllmeicr form with the 22 and A* correction term as [14]:

n2(2) =\uo A J(1 = (asfA)?) -+ cA? 4 d)2, (3)

where the wavelength dis in jum and the values of the paramelers daq, a,, ay. ¢ and d are
5304, 1.899, 0.5713, —4.188x10™* and — 2.391 x 10”7, respectively. The absorp-
tion cocflicicnts of the films were determined using Eq. (1). The wavelength'dependent
paramecters, M, I’ and Q were calculated using the refractive index and cxtinction
coeflicient of single crystal [14,18].

The perfect match of our film’s refractive index with that of the single crysta! CdTe
reveals the quality of the films transferred to the glass slide as well as the reliability of
the technique. The argon-annealed sample shows slightly higher values for the
refractive index in all the ranges. The virgin film (as-deposited) has slightly less 11 value
than that of the crystal, this is in good agreement with the reports in the literature
[5.12].

In the energy ringe £ > 1.4 ¢V, a very thin film (0.17 um) was used to get the finc
structures. The interference fringes due to the multiple reflections will dominate the
region below the band edge, so a thicker film can give clear and closely spaced maxima
and minima compared to a thin film. The cflcet of anncaling at different atmospheres
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on the absorption cocflicient is very clear from Fig. 2, the argon-anncaled film gives
features identical with the single crystal. At the band edge the absorption cocflicient
changes sharply for both single crystal and the films. The heat-treated films show high
value for x in both below and above band gap regions compared to the as-deposited
virgin films.

3.2. Optical transitions

A careful analysis of the absorption coceflicient speetraof the single crystal and the
thin films in the £ = 0.2-3 ¢V region reveals the contribution from different absorp-
tion processes. For the analysis; the spectrum is divided into threc; sub-band gap
region (E = 0.2-1.4 eV), band gap region (E = 1.4-2c¢V) and the above band gap
region (E > 2eV). The relation between absorption coefficient « and the incident
photon energy /v can be written as [12y;

zhv = ¢ (hv — E)% indircct transitions, (4)
ahv = cy(hv — Eg)''%  direct transitions, (5)

where ¢; and ¢, are constants, E} is the indirect band gap and Ef is the direct band
gap. For smaller values of «; («/hv)'/? is plotted against the photon energy hv and the
intercept with the encrgy axis gives the cdge of the allowed indirect transition. It is
assumed that the probability of an indirect transition to occur follows the law
(hv — Ei)* for a considerable distance in the higher frequency range [12]. The
extrapolated values of this transition in the higher energy region of o were subtracted
to obtain the contribution from other transitions. The resulting data was analyzed for
the best fit to Eqs. (4) and (5). Again the cextrapolated values of the observed transitions

8.E+05

7.E+05 4 .
6.E+05
5.E+05

4.E+05

o (em™)

3.E+05 A
2.E+05

1.E+05 -

0.E+00

hv (eV)

¥ig 2. Absurption cocflicient s
o i

pectra for single crystal (@) and for o 017 i thick csample annenled
VYL C - 1@\ e ‘-

X, Mathew, P.J. Sebastian | Solar LEnergy Materials & Solar Cells 59 (1999) 85-98 91

were deducted from the higher values of & and by repeating the above procedure all
the possible transitions can be clucidated. This method has been successfully used for
CdTe thin flms [ S,12]. In this analysis, great care must be taken (o avoid erroncous
results. We used an clectronic digitizer to extrapolate the data and the best it (o the
transitions was plotted on an cxpanded scale. The transitions. which gave a fit in
a rcasonable range of encrgy, were only considered. The observed transitions in our
films are presented in Table 1.

The cffect of heat treatments on the direet band gap ol a 0.7 pm thick film is shown
in Fig. 3. Inall the studicd samples the heat treatment reduces (he direct band gap
(Table 1), but in Ar-anncaled samples the change is negligible compared to other
samples. A similar obscrvation was made for the band gap calculated from the
photocurrent spectra. The band gap calculated from the photocurrent spectra of three
samples is shown in Fig. 4. For the thrce samples the direct band gap is little less than
that for the 0.7 pm film calculated from the absorption coefficient and the argon-
anncaled sample shows smaller band gap than the virgin- and air-anncaled samples.
The small decreasc in the band gap obscrved in the photocurrent spectrum cannot be
due to the 0.04 pm thickness difference between the two flms. A detailed study
involving films of different thickness is in progress.

The (ahv)? versus hy plots for CdTe films of different thicknesses but deposited at
identical conditions arc shown in Fig. 5. It has been observed that the direct band gap
decrcases with increasing thickness and approaches to the value of single crystal
(Table 2). Similar obscrvations have been made for films prepared by evaporation
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Table |

Thedirect (d) and indirect (i) allowed transitions (in ¢V) for CdTe single crystal, thin films anncaled at 300°C
in air, CdCl, argon and the as-deposited film. The transitions in the 0.2-1 .6¢V were detected with a 0.7 pm
film and 1.6-3 ¢V with a 0.17 pm film

Crystal As-deposited Air CdcCl, ' Argon
0.74 (i) 0.37 (i) 0.24 (i) 0.83 (i)
1.21 (i) 0.48 (i) 0.93 (i)* 1.26 (i)*
1.215 (i)* 1.22 (i) 1.355 (i)
1.22 (iy* 1.28 (i)"
1.47 (d) . LSt (d) 1.5 (d) 1.5 (d) 1.506 (d)
1.495 (d)* 1.49 (d)* 1.48 (d)*
1.527 (d)* 1.505 (d)* - 1.51(d)"
1.64 (i) 1.625 (i) 1.87 (i) 1.685 (i) 1.975 (i)
E,=75meV E, =45mcV
2.33 (i) 2.63 (i) e2:72:(1)
2.46 (d) 2.15 (d) 2.7 (d)
2.83 (d)

*The transitions calculated from the photocurrent spectra.
*Calculated with 0.17 ym thick film.
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Fig. 4. The (RIv)* vs. hw plot of the photo current for a 0.74 yun thick film anncaled at 300°C in (M) air, (A)
argon and (#) as-deposited.

technique on glass slides [12]. It is known that the particle size and lattice constants

increases with increase of film thickness and comes closer to the bulk value when the
N thick ness s larpe. Sa the decrense in Land g with increasing, filim thickness is
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.

Table 2

Optical transition encrgics (in'eV) for clectrodeposited (as-deposited) films. (d) direct allowed transition; (i)
indircct allowed transition: (*) 0.7 pm film; (**) photocurrent data of a4 0.74 pm thick film; (+) 017 p; (o)
057 poo; (+) 11 s (o o ) LS pm filing

Present work a h

0.715 (i)*

1.205 (i)* 1.27 (i)
1.527 (d)-

1.512 (d)ee 1.51 (d) 1.50 (d)
151 (d)*

1.495 (d)*

149 (d)**

1.495 (d)** ;

1.635 (i) 1.91 (i) 1.83 (i)
2.46 (d)+ 243 (d) 243 (d)
2.63 (,). 5 2.84 (If
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The indirect transitions observed in the sub-band gap region for the 0.7 pm thick
film is shown in Fig. 6. The transition at 1.22 ¢V in the air-anncaled sample is identical
with the 1.21 ¢V transition in the virgin sample; in the photocurrent spectrum (hesc
transitions are detected at 1.22 and 1.215, respectively (Fig. 7). The 0.83 ¢V transition
detected in the absorption spectrum of the argon-anncaled film is in the vicinity of the
0.74 ¢V transition in the virgin film. In the photocurrent spectrum we were not able to
detect the low-cnergy levels duc to the deterioration in the signal-to-noise ratio. In the
absorption spectrum, two additional transitions are detected in the air- and CdCl,-
trcated films. More over, these two samples show some similaritics in the sub-band
gap indirect transitions. For the 0.17 pm CdCl,-anncaled film two transition are
observed at 0.93 and 1.28 eV. The 1.28 ¢V transition can be considered as the same as
the 1.355 eV level in the 0.7 pm thick film. According to the band structure of CdTe
[12,19], it is unlikely to obtain any indircct optical cnergy gap less than the direct
band gap value. At lower photon energy transitions the transition rules are relaxed
[20] in the presence of charge impuritics, disorder and defects at the grain boundarics
[12,21,22]. So the activation encrgy obtained in the sub-band gap region could be due
to the electric field developed at the grain boundaries.

The direct and indirect transitions obtained after deducting the cffect of all the
transitions in the band gap region of a 0.17 um thick film are shown in Figs. 8 and
9 and presented in Table 1. In single crystal, after subtracting the extrapolated values
of the direct band gap transition at 1.47 ¢V, the 2-2.4 ¢V region gives good fit to
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Fig. 7. The(Rhy)"/? vs. hv plot of the photo current for a 0.74 jum thick film anncaled at 300°C in (H) air. (A)
argor. and () as-deposited.

(¢hv)"'? against hv and an indirect transition at 1.64 eV is detected. The indircet
transition at 1.64 eV is in the vicinity of the reported indirect transition at 1.7 eV [5].
After subtracting thc contribution of the 1.64 ¢V (ransition we could detect another
indirect transition at 2.33 ¢V. In thin film samples the cflect of annealing is very clear
in the above band gap region also. The air-annealed film gives two direct transitions at
2.15 and 2.83 ¢V, but in the virgin film only onc direct transition at 2.46¢V is
observed. The CdCl,-treated film gives direct transition higher than the virgin film, for
Ar-annealed film no reasonable fit could be found for direct transitions.

The indirect transitions in the above band gap region shows similarity for virgin-
and air-anncaled films, the 2.63 ¢V transition of the virgin samplc is observed at
2.72 ¢V for air-anncaled film. These transitions could not be detected in the other
samples. In CdCl,-treated film the indircet transition at 1.685 ¢V is the average of two
transitions at 1.64 and 1.73¢V associated with a phonon cnergy E, = 45 meV.
A carcful study of the CdTe thin film heat treated at different temperatures and at
different levels of C'JCI, can give more information nbt;ill the dircet and indircet
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Fig. 8. The (ahv)? vs. hy plot for a 0.17 pm thick film anncaled at 300°C in (A) air, (M) CdCl, and (#) the
as-deposited film.

The various transitions observed for the as-deposited film along with the reported
data for the electrodeposited films are presented in Table 2. Our data is in agreement
with those reported in the literature and gives more features in the sub-band gap
region. Since we used a very thin pinhole free film (0.17 pm) the transmittance in
the 300-900 nm region was substantial and we were able to produce reliable absorp-
tion coefficient spectrum in the high-energy region. So after each subtraction of
the extrapolated values the quality of the data was sufficient to fit to either of the
Egs. (4) or (5). In the virgin film after subtracting the extrapolated value of the direct
band gap transition at 1.525 eV, the absorption cocfficient gives a good fit to an
indirect transition in the 2-2.35 eV region with intercepts in the energy axis at 1.55 and
1.70eV. The average of this is a 75 meV phonon-assisted indirect transition at
1.625 eV,

Alter deducting the extrapolated value of the above indirect transition we were able
to fit the duta to a direct transition in the 2.4-2.9 ¢V region with the intercept at

246 ¢V, Subtraction of the contribution of the 2.46 ¢V transition gives an indirect

transition at 2.63 ¢V. Beyond this, the data was not reliable for any unambigucus
ARTAR AT WY by
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Fig.9. The (@hv)!’? vs. v plot for a 0.17 pm thick film anncaled at 300°Cin (A) CdCl,. (*)air, (®) argon and
(#) as-deposited film. .

4. Conclusions

The refractive index and absorption coefMicicnt of the thin flm CdTe is identical
with those of the single crystal. The anncaling at different environments affects the
refractive index and absorption coefficient speetra. The film anncaled in air showed
more features in the optical transition spectrum where as the argon-treated film gives
only few transitions. Generally the absorption cocfMicients of the anncaled films are
high in the above band gap region compared to that of the as-deposited film. The
direct band gap is slightly less in the anncaled films. The direct band gap decreased
with increasing film thickness and approached the value of the single crystal.
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Structural and opto-electronic properties
of electrodeposited CdTe on stainless steel foil

Xavier Mathew*, P.J. Sebastian, A. Sanchez, J. Campos

Solar Materials Departmen, Solar-Hydrogen-Fuel Cell-Group, Centro de Investigacion en Encrgia- UNAM,
62580 Temixco, Morelos, Mevico

Abstract

The electrodeposition kinctics of thin film CdTe on stainless stecl substrates was investigated.
The dispersion of the refractive index is explained with the bound electron dispersion model.
The non-dispersive diclectric constant and the bound clectron mass were calculated. Films
anncaled in argon shows a higher value for non-dispersive diclectric constant. Above 0.5 V the
transport mechanism changes to space-charge limited current conduction. The carrier trans-
port is mediated with a set of traps with activation encrgics 0.137,0.263 and 0.5 ¢V. The built-in
potential of a Au-CdTe Schottky diode was measurgd for different wavelengths and with
different white light intensitics. The built-in potential at different wavelengths is almost
constant in the absorplion region showing the weak dependence of the built-in potential on
minority carriers. @ 1999 Elsevicr Science B.V. All rights reserved.

Keywords: CdTe; Elcctrodeposition; [-V; C-1: Spectral response: SCLC; Bound clectron

1. Introduction

In-the near future, thin film solar cell modules based on lightweight substrates will
gain considerable interest in both space and terrestrial applications. Thin film
polycrystalline photovoltaics (PV) have been aimed atlower-cost market where lower
efliciency is acceptable [1]. The conventional thin film solar cells arc usually manufac-
tured on glass substrates and offer no weight advantage over single crystal solar cells.
Producing thin film solar cclls on (hin metal foil substrates (0.05mm or fewer
thickness) however ollers several advantages for space as well as (errestrial applica-
tions.
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For the measurement of optical constants, the electrodeposited films of CdTe were lifted off their
opaque substrates and transferred onto glass slides using a transparent liquid adhesive. This
technique proved to give results more reliable than those obtained on samples in which CdTe is
deposited on CdS-coated conducting glass. The measured optical dispersion in the photon energy
range of E<1.5 eV is in excellent agreement with that for the single crystal. The optical absorption
coefficient was determined in the E<3.5 eV range and was compared with that for the
single crystal. The results revealed two direct allowed transitions at  1.50 eV
[Ty valence band(VB)—TIs conduction band(CB)] and 2.43 eV [T7(VB)—TIx(CB)] and three
indirect allowed transitions at 1.27 eV [L45(VB)mLogly=1e83=eV, [Ls(VB)—T,], and 2.84 eV
[['s(VB)—L(CB)]. The 1.27 and the 1.83 eV transitions, which have not been reported previously
and were not detected in single-crystal data, are attributed to the transitions to a
grain-boundary-related defect energy band I',, 0.65 eV above I’s (VB). The indirect transitions at
1.83 and 2.84 eV are assisted by phonons having energies of 80 and 84 meV, respectively. © 7997
American Institute of Physics. [S0021-8979(97)04811-1]

.INTRODUCTION

Cadmium telluride (CdTe), like the other I=VI com-
ound semiconductors, has a direct energy band gap with a
:ported value in the range of 1.4-1.5 eV and a relatively
igh optical absorption coefficient which makes it suitable
v fabrication of polycrystalline thin-film solar cells. A
dlycrystalline heterojunction of CdTe/CdS has shown a
mversion efticiency as high as 15.8%.' The material and its
10tovoltaic properties have been studied in the past. The
ogress of these studies has been reviewed.?™

Electrodeposition of CdTe is an attractive method for
in-film solar-cell processing. It is a simple technique which
1ds itself to large-scale production with an extremely good
aterial utilization. The deposit can be made highly pure by
:ctropurifying the solution before deposition. The deposi-
n technique.” the film properties, and the related photovol-
¢ devices have been reported.®’

The optical properties of electrodeposited film of CdTe
ve been investigated. The film's index of refraction and
: absorption coefficient in the wavelength range of 450-
J nm have been reported.® The reported values for the
ractive index. which were calculated from the reflectivity

samples, are systematically smaller than those for the
gle crystals. The film's absorption coefficients that were
'din calculating the refractive indices were extracted from
transmittance measurement on a CdTe-CdS-ITO-glass
‘cture, which is believed to lead to error due to the com-
Xity arising from the reflections at the interfaces and ab-
Ption in the other layers.

.!n this work we report on the measurement of these two
‘al constants performed on an electrodeposited flm of

Te lhat was lifted from the opaque melallic substrate on
Ich it was deposited and placed on a glass slide, using a
fspaf_ent glue with a refractive index matching that for the
;t)jll(oie" Thi‘s (echnique. has been applied previou.sly on

§ Oxide films and reliable results have been achieved.’

A

The results we present here cover a wider wavelength range
compared with previous data® and show a perfect match of
the index of refraction with that for single-crystal CdTe. The
analysis of the absorption-coefficient data reveals some op-
tical transitions not detected before.

Il. EXPERIMENTAL PROCEDURES
A. Sample preparation

Electrodeposition of CdTe was carried out in an aqueous
solution containing CdSO, (1 M) and HTeO; (40-150 uM).
The latter was added in the form of TeO,. Before adding
TeO,, the solution was electropurified. Platinum, graphite, or
cadmium were used as the anode. The reference electrode
was a commercial saturated silver—silver chloride (SSSC) or,
in some cases, a cadmium bar. Both the anode and the ref-
erence electrodes had their own compartments separated
from the deposition soluticn by fitted glass Jjunctions. The
working electrode was a 0.05-mm-thick molybdenum,
nickel, or stainless steel foil. The working electrode potential
selected for purification was — 600 mV with respect to SSSC
electrode which is about 20 mV more positive than the depo-
sition potential for cadmium. The latter potential was mea-

-sured at the onset of the sharp increase in the cell current as

the working electrode potential was lowered. The electropu-
rification was carried out at room temperature for about 20 h
with the solution stirred by a Teflon coated magnetic bar.
After purification, the pH of the solution was adjusted 1o 2 at
room temperature by H,SO,. The electrodeposition was per-
formed at 85 °C in the same deposition ceil used for electro-
purification. In each deposition run the total area of the
working electrode was about 30 cm® CdTe films with a
thickness in the range of 0.2-1.5 um were deposited at a
working electrode potential of —550 to —580 mV. with re-
spect to the SSSC electrode.

The deposited films had a bright and unijorm appearance
with a preferential orientation of (111) planes parallel to the



substrate as determined by the x-ray diffraction technique.
scanning electron microscopy showed uniform surfaces and
uniformly distributed grain size, in the range of a fraction of
| um. Electron microprobe analysis determined the Cd to Te
atomic ratio identical to that for a stoichiometry surface of a
single-crystal CdTe, used as a reference. The hot-probe tech-
nique revealed that the as-deposited films were n-type. In
each deposition run the total transferred charge and the de-
posited mass were measured. From this and using Faraday’s
Jaw of deposition, the number" ‘of electrons involved in the
deposition of 1 molecule of CdTe was measured to be very
close to six, supporting the plausible deposition reaction at
the working electrode that involves a 4 e reduction process
of HTeOJ to Te and a 2 e reduction process of Cd** to Cd.
The average thickness of the films was measured using the

mass of the deposit and a density of 5.9g cm™ for CdTe. .

The result was found in agreement, within 10%, with those
obtained using a Tencor (Alfa step 2000) surface profiler.
The latter technique could not always be used successfully
because of the roughness of the foil substrates used for depo-
sition.

For optical transmittance measurements, films were
lifted off their substrates and transferred onto glass slides.
This was done by applying a drop of the ‘‘glass bond’’ trans-
parent liquid adhesive (loctite) between the sample surface
and a borosilicate glass slide. The drop was spread uniformly
and then hardened by exposing it through the giass to a weak
ultraviolet (UV) radiation. Apparently the bond between the
film and the adhesive was much stronger than that between
the film and the conducting substrate. As a result, the con-
ducting substrate could be peeled off from the film-on-glass
sample. From measuring the transmittance of a uniform layer
of the adhesive sandwiched between two glass slides, it was
determined that the refractive index of the adhesive layer
matches that of the glass in the wavelength range of interest.
The transmittance of the prepared samples did not change
with time, indicating the stability of the adhesive.

B. Measurement of optical constants

The refractive index and the absorption coefficient of

films were determined from the measurement of films’ trans-
mittance in the wavelengths range of 350—2500 nm using a
Cary-3E spectrophotometer. The transmittance, T. of an ab-
sorbing film on a nonabsorbing substrate, taking into account

the multiple incoherent reflections at interfaces. is given
b\.EfLH

Me™ ad

:P,___QL,—J(u/‘ (l)

Where o and d are, respectively, the optical absorption coef-
ficient and the thickness of the films. M=(1—R)(1 —R,)
X(1=R3), " P=(1=R;R3), and " O=R\R>tR(R;
“2R|R3R;. Ry, R,. and Ry are the reflection coefficients
of the air-film, film-substrate, and substrate-air interfaces, re-
Spectively. These coefficients were used in their most general
form of

(=12 + k7
(n+1)2+42 727

(n —n_\.)2 + k2
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FIG: 1.
ited on stainless ste

The transmittance of a 0.95-um thick CdTe film originally depos-
el at a deposition potential of —3580 mV.

s {n,— )R
Tn,+1)*’

where n and k(k=Aa/4:) are the film’s refractive index
and extinction coefficient and »; is the refractive index o
glass substrate. The term A is the wavelength of the inciden
beam. The experimental value of Ry was 0.034 over the
wwovelength range of 400-2000 nm. In cases where the trans
mittance measurements were performed with a glass slidc
placed in the reference beam compartment of the spectrom
eter, M=(1—R,)(1—R,) was used.

The film’s dispersion was measured from the position
of the maxima and minima of the interference pattern in the
transmittance spectrum using

ddn(\,)=mh\ (mps1BF..c........ ). (2

where X\, is the wave‘.ength at which the peak (evenm) ¢
the valley (odd 1) of order m occurs.

lIl. RESULTS AND DISCUSSION’

A typical transmittance spectrum is shown in Fig. 1. Th
interference pattern clearly indicates the perfection in liftin
the film off the stainless steel substrate. The dashed line ter
tatively shows the transmittance in the absence of interfer
ence. The order of the valley at \,,=2000nm ism=5. Th
film refractive index at the wavelengths corresponding to th
peaks and valleys were determined from Eq. (2). This resu
is shown in Fig. 2 along with the results obtained on othe
films and that for CdTe single crystal. The data for the sing!
crystal which is shown by the solid line is from two differer
sources quoted by Ref. 12. In the A>840 nm region, th
dispersion is given by a modified Sellmeier form of it

[ypelll}
-—5104+—W 4.188% 107\ —2.39]
_( N )
X107 TA2 (

where X\ is in um. In the A<<820 nm range, the refractiy
indices (and the extinction coefficients) were obtained t

.ellipsometry.H
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L]GA 2. Dispersion of CdTe for single crystal (—), see Ref. 12, and for films
ectrodeposited on CdS coated conducting glass (--), see Ref. 8. The data
ints represent the result of our measurements on films electrodeposited
itially on Ni (A and A). Mo (C) and stainless steel (@), and then trans-
med to glass substrates.

In Fig. 2 is also shown, by the dashed line, the dispersion
i CdTe films electrodeposited on CdS coated conducting
flass.® As is evident from this figure, the results obtained on
Ims lifted from the foil substrates are in excellent agree-
tent with the dispersion of single-crystal CdTe. However.
1e variation in n from one sample to the other is within the
mit imposed by the accuracy of the film’s thickness d in
fq. (2). In contrast, the dispersion of films electrodeposited
in CdS coated conducting glass is far below the expected
Ange. These data were obtained based on the measurement
i reflectance and using absorption-coefficient data.® The ab-
brption coefficient was evaluated from the transmittance
icasurement. neglecting the effect of multiple reflection at
e interfaces of the multilayer sample.
The film’s optical absorption coefficients were deter-
lined using Eq. (1). For the evaluation of the wavelength
®pendent parameters VM. P. and Q the réfractive index and
fe extinction coefficient of single crystal'? were used. Fig-
e 3 shows the results obtained on two samples among
'any' and that for the single crystal. The match of the thin-
-lllm data with the single-crystal values is very good over a
“de range of photon energies. However, the detailed analy-
' of the absorption coefficient spectrum which will be dis-
ssed explains the mismatch of data observable at photon
Tergies £ greater than ~2.5 eV as a result of different op-
“al transitions involved.

A Single crystal CdTe

The optical transitions in single-crystal CdTe are used as
‘;eferenc'e for t.he analysis of results obtained on thin films.
"asecS;;lbl;Sh 1h_13, the single-crystal absorpti9n .coefﬁcu?m
s Tt;]u ?led, from the reported values o'f exuncuo?2 f‘?etﬂ
’txuﬁ g e al.tu da[zlj were obtained by elhpsometry. : The‘

> presented in Fig. 4. For comparison, the result of
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FIG. 3. The optical absorption coefficient as a function of phoron energy for
the sample of Fig. 1 (O), for a 0.23 um thin film deposizzd initially on
molybdenum at —580 mV (X) and for the single-crystal CdT= (solid line),
see Ref. 12.

electroreflectance measurements on single crystals'*1% js also
shown in Fig. 5. The absorption peaks at E;=336eV, E,
+4,=395€V, and E¢=533 eV in Fig. 4 are in good
agreement with the corresponding values of 3.33. 399, and
5.30 eV in the electroreflectance spectrum of Fig. 5. The
direct valence band {VB) to conduction band (CB" transition

1OSO£(cm_')

&

0 1 1 1 L
q 2 3 4 5 (S}

E(eV)

FIG. 4. The energy spectrum of absorption coefficient of single-crystal
CdTe. The peaks occurring at E,=3.36 eV, E;+A,=395¢V, and E,
=5.33eV correspond, respectively,  to L,s(VBi—Lg(CB),
Le(VB)—L(CB) and I'y(VB)—T;(CB) transitions. The Brillouin zone no-
tations are the same as defined in Ref, 17.
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FIG. 5. The electroreflectance spectrum of CdTe at room temperature; Eq
=149 eV, Eq+3g=241eV, E;=338¢eV, E;+13,=3.99eV, and £,
=35.30eV. The first two values represent the T ¢(VB)—I((CB) and
I-(VB)—T((CB) transitions and the other three transitions are the same as
those labeled in Fig. 4.

at Eg=1.49 eV and the spin-orbit split-off VB to CB transi-
tion at Eq+AEy=241 eV are not directly evident in the
spectrum of Fig. 4. However, the following analysis of data
of Fig. 4 in the E<3.36 eV range reveals these two latter
transitions in addition to another three indirect transitions
which have not been reported before.

From the analysis of the absorption coefficient, a, in Fig.
4 it appears that a=a,+ a;+ a3+ ay, where each of the
four terms is due to a different absorption process. A plot of
(aE)? against E gives a straight line, as shown in Fig. 6, in
the energy range of 1.5-1.77 eV. Its intercept with the £ axis
gives E¢=1.46 eV as an allowed direct VB to CB transition.
In this energy range o=, since there is no contribution

I
1] 1 [0]

2P 26, 30 324
E(eV)

FIG. 6. Dircct and indirect allowed transitions in single-crystal CdTe.

A At Ao Vil AL e P PR ann—

TABLE I. The energy dependence of the absorption coefficient terms in
single-crystal CdTe. d: direct allowed transition, i: indirect allowed transi-
tion.

Energy range Absorption coefficient Transition energy

(eV) (10° cm™h (eV)
(E—1.46)'"? 1.46 (d)
1.5-1.77 @, =1.120 566 ——————
E
(E-1.70)? 1.70 (i)
1.77-2.18 ay=1.594 837 ————
(E—=2.13)2 2.13 (i)
2.25-2.75 a3 =2.816 660 ————
o
2.84-3.11 S E 2.84 (i)
: (E-2.93)? E,=84meV
3.11-3.34 a8 0 =

from the other transition mechanisms. The extrapolated val-
ues of a,; at higher values of E were deducted from.a tc
obtain the contribution from a,+ a3+ a,. The best fit tc

. >, which is the dominant term in a;+ a3+ a4 at the low

wavelength side of the corresponding energy range, was
found to be of the type of (@, E)"? vs E. This corresponds
to an allowed indirect transition at 1.70 eV. This plot and the
best fits to a3 and a4 are also shown in Fig. 6. The a; term
corresponds to an allowed indirect transition at 2.13 eV
which is most likely an L, 5 (VB) to I'¢ (CB) transition.®"
The kink appearing at about 2.4 eV represents the split-of!
VB to CB transition®!® corresponding to the Ej+ A
=241 eV in Fig. 5. The (a4 E)'? plot represents an al-
lowed indirect transition at 2.84 eV which is the average
value of the two intercepts at 2.76 and 2.93 eV.'®!® The
difference between these two values is twice the phonon en
ergy involved in the corresponding indirect transition.'®"!
The phonon energy measured from this graph is £,
=85 meV. The transition at 2.34 eV, which has not beer
reported before, is assigned to a I'g(VB) to L¢(CB) transi
tion. The calculated value for this transition is 2.82 eV." The
result of this analysis is summarized in Table L.

In the above analysis (@£)? or («E)"? values were plot
ted against E in order to determine the type of transition
Here, a represents in general the absorption coefficient
Some authors plot a® or a'”? instead.® The confusion ove
this matter, which is noticeable in the literature, is related t
the early theoretical work which indicates @ should be pro
portional to (E— Eq)'" or (E—Ey)* for direct and indirec
allowed transitions, respectively, where Ej is the transitio
energy.18 However, the proportionality constant happens t
be inverscly proportional to £ through one of its terms whic
is the oscillator strength for transition. Taking into consider
ation this correction, then the («E)? and the (@E)"? vs 1
plots seem to be the correct choice.'??° In the case of forbid
den direct transitions, (aE)¥? becomes proportional to (/
— Ey). In practice, it is difficult to distinguish between thi
and the indirect allowed transition where the experimente
data can be fit to both in the majority of cases.

A C Dalbhchani 7Q9
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1. Direct and indirect allowed transitions in a 0.23-um thin CdTe film
‘:ilcd on molybdenum at —580 mV.

Electrodepésited CdTe

{To study the optical transitions in the electrodeposited
Js of CdTe, a 0.23-um-thick pinhole-free film was depos-
{on molybdenum. The thickness was selected low to be
t10 extend the transmittance measurements to high pho-
energies. The absorption coefficient spectrum of the film
town in Fig. 3. The analysis of these data revealed that in
wnergy range of 1.35 to 1.48 eV, (a,E)"? vs E is linear,
ng an indirect allowed transition at 1.27 eV which is seen
ig. 7. This transition which has also been detected in the
ocurrent spectrum of similar samples (not reported here)
be due to a transition involving a defect or impurity
ey level, as will be discussed. In the energy range of
-1.77 eV, («,E)? against E gives a straight line as seen
ig. 7. The intercept of this line with the E axis measures
fect allowed transition at 1.50 eV. This line, however,
lists of two very close straight segments which are ob-
ible only in an extended scale. The coi'rcsponding inter-
S with the E axis are at 1.49 and 1.53 eV. These arc
iibly the limits of the direct allowed transition at 1.50 eV,
“dened due to a multitude of crystallites under slightly
‘fent conditions. The measured transition energy is in
“d agreement with the most recent reported value of 1.514
 room temperature for single crystal of CdTe.2' The

?;{!-77 eV. Subtracting the contribution of this direct
. i‘°n from the measured value of the absorption coeffi-
“ !N the energy range E>1.77 eV, gives a,. The term
{w:ls_to two trans%tions. At the lower energy range, as
L'Cep[sm Fig. 7, an indirect allowed transition with the in-
Sit‘a[ 1.75 eV and 1.91 was found. This corresponds to
g, '0n energy at 1.83 eV which is the average value of
y . 'mtercepts. The corresponding phonon energy is 80
' :.edhls value‘ Is in good agreement with the 84 meV
2= for the single crystal. This transition is followed by

" @, is the measured value of « in the energy range of’

TABLE II. The energy dependence of the absorption coefficient terms ip
electrodeposited CdTe. d: direct allowed transition, i: indirect allowed tran-
sition.

Energy range Absorption coefficient Transition energy

(eV) (10° cm™) (eV)
(E-1.27)? y
1.35-1.48 ,=1.976 685 ————— 1.27 (i)
(E-1.52)'" L
1.49-1.77 @ =1.159 504 ——F—— 1.50 (d)
(E-1.75)*
1.88-2.29 ay= 1960814 — % 1.83 (i)
(E=191) £,=80 meV
2.29-2.53 @,=3.883 437 ————
(E—243)'7
2.53-2.88 a;=4.612 656 ————— 243 (d)
: (E-2.76)* 2.84 (i)
2.95-3.26 @3=20.479 617

SR ST E,=84 meV

a direct allowed transition at 2.43 eV. Subtraction of the
contribution of the 2.43 eV transition process from « in the
E>2.9 eV region results in a3. as fits to a single indirect
allowed transition at exactly the same energy as obtained for
the single cri'stal. The first energy intercept at 2.76 eV is
seen in Fig. 7, but the subsequent value at 2.93 eV could not
be obtained due to approaching the limit of accuracy in the
measurement of transmittance. Similar to that in single crys-
tal, the indirect allowed transition is taken to be at 2.76
+ E, which is 2.84 eV, using £,=80 meV. The result of the
above analysis is summarized in Table II. The measured
transition energies in our sample are compared in Table III
with those reported for the electrodeposited films and for the
single crystal. The result of analysis on our electrodeposited
sample shows more structure than the three_transitions re-
ported earlier® and is in fair agreement with the transitions
found in single crystals. The measured indirect transition at
1.83 eV, which is associated with an 80 meV phonon, is in
the vicinity of, but not exactly identical to, the 1.91 eV tran-
sition reported for electrodeposited films and the 1.7 and
2.13 eV transitions for the single crystal. The 1.83 eV canbe
assigned to a transition from L¢(VB) which is located 1.18
eV below ['g(VB)' to a defect or impurity energy lc.el
which is assumed to be 0.65 eV above I'¢(VB) and is la-
beled as I'; in Fig. 8. This figure shows a schematic diagram
for the optical transitions below ~3 eV based on the results

TABLE III. Optical transition energies (in eV) in single-crystal (SC) and in
clectrodeposited (ED) tilms of CdTe. d: direct allowed transition. i: indirect
allowed transition.

SC ED (this work) ED?
1.27 (i)
1.46 (d) 1.50 (d) 1.51 (d)
1.70 (i) 1.83 (i) 191 (i)
2.13 (i)
=2.4 (kink) 2.43 (d) 243 (d)
2.84 (i) 2.84 (i)

“Reference 8.




E(eV)

FIG. 8. A schematic energy diagram for the optical transitions below 3 eV
in electrodeposited CdTe. The superscripts ‘v’ and *‘c’’ denote VB and
CB, respectively.

obtained on electrodeposited films as is discussed below. The
second indirect transition measured at 2.84 eV is due to a
[g(VB) to Lg(CB) transition similar to that in single crystal.
The indirect transition measured at 1.27 eV is a transition
from L,s(VB), which is taken 0.63 instead of 0.65 eV'’
below I'g(VB), to the defect level I ;. It should be noted
that both of the transitions at 1.27 and 1.83 eV, which take
place through the defect level, were detected only in the
thin-film sample and not in single-crystal data. Therefore, it
is plausible to relate the origin of the T, level to grain-
boundary defects. The VB split energy A,=0.93 eV, which
is the difference between the two measured direct transitions
at 2.43 and 1.50 eV, is in accord with the calculated values
of 0.89'7 and 0.92 eV?? and also with the experimental result
of 0.90 eV.??

IV. CONCLUSIONS

: Electrodeposited films of CdTe show an optical disper-
sion identical to that for the single crystal. The optical ab-
sorption coefticient of films also matches that for the single

i
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crystal over a wide range of photon energies. The analysis of
these data, however, reveals that only three optical transi-
tions occur identically in the energy range of E<<3.5 eV.
The electrodeposited films show two extra indirect transi-
tions involving a defect energy band. These two transitions,
which have not been reported before, could be detected in
this work, possibly due to the method of isolating the CdTe
film, in contrast to the previously reported results based on
the multilayer samples. "
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