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The effect of excitons on CdTe solar cells
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Temperature and doping-level dependence of CdTe solar cells is investigated, taking into account
the involvement of excitons on photocurrent transport. We show that the density of excitons in CdTe
is comparable with that of minority carriers at doping level$0'®cm 3. From the investigation of

the dark-saturation current, we show that the product of electron and hole concentrations at
equilibrium is several orders of magnitude more than the square of the intrinsic carrier
concentration. With this assumption, we have studied the effect of excitons on CdTe solar cells, and
the effect is negative. CdTe solar cell performance with excitons included agrees well with existing
experimental results. @000 American Institute of Physid$§0021-89780)07612-X]

I. INTRODUCTION pendence of CdTe solar cell performance including excitons
with the modified theory of Ref. 30.
With rising energy costs, terrestrial photovoltaics are be-
coming more attractive as a supplementary energy sourcq. A SIMPLIFIED SOLAR CELL MODEL AND
However, the present cost of Si and GaAs cells prevents thekSSUMPTIONS
widespread use, and economic considerations dictate the use

of thin-film cells. The compound semiconductors CdTe, _ . .
P cell adopted in Refs. 25—-29, operating under air mass 1

CdS, InP, and CulnSeare thus attractive for this application. ) oo .
uing " v 'S appricatl {(AM1) illumination atPj,,=100 mW/cn?. The influence of

Among these materials, CdTe is one of the leading candiz"" "~/ "/ . . C
dates. a thinn™ layer, spatial nonuniform distribution of shallow

It should be noted that CdTe solar cells made by differ_acceptors, and surface gffects on photocurrer_n wiII-be ne-
ent groups show a significant variation in short-circuit Cur_glected, and analyses will be made for one-dimension and

rents, open-circuit voltages, and cell efficiencies. A bettelror a p-base layer.

understanding of carrier loss and transport mechanism is C”{,\',ithvi\:;i;ggjlr?;:rs sgacl)lgv;/zvagtgir\):;iecflg m(;l:rtr;]evs(;?enr?is
cial for explaining the differences, improving the yield, and gy o P

bridaing the gan between ideal and practicall achievableband?l It is well known that this is the main charged native
ricging gap DEtw P y defect in Te-rich CdTé&? The current technology allows one
limits in CdTe efficiencies.

. . . . . . to get CdTe samples with equilibrium hole concentrations of
The aim of this work is to investigate the effect of exci- 5 3 . )
) . : up to 13°cm 3. However, it was shown in Ref. 32 that
tons on CdTe solar cells. The existence of excitons in CdT%dTe layers had been doped extrinsically te 20 cm2
at room temperature and higher has been confirmed exXperl inn andp type, which has been the highest doping ievel
mentally in many studieésee Refs. 1-24by photolumines- '

) . eported in the literature. In the article, we shall consider the
cence, piezoreflectance, absorption measurements, and the . 5 3 .
. : _doping levels of 18 and 13°cm™3. Excitons are assumed
interband Faraday effect. However, the involvement of exci-

tons in current transport has not vet been taken int rs;? be in equilibrium with free carriers at the edge of the
tons in current transport has not yet been take 0 accou epletion regiorf® Excitons bound to impurities are assumed
in theoretical investigations of the electrical properties of

_ to be negligible. Also, we adopted the following approxima-
,15,17-21
CdTI? a;]nd EjoLar ce{l% that the role of f it in devi tions made in Ref. 26(i) the depletion approximatioriji)

ff ou ebnoe_‘ _f.a te “’h?ﬁ hree;xm odns n etV|cf[e ithin the depletion region, the drift and diffusion currents
operation may be significant, which has been demonstrateg | opposing and approximately equal in magnitugi)

in Refs. 25—-30 for silicon ;olar cells and diodes. .The theorxow-level injection is assumediv) minority carriers in bulk
of photocurrent transport in solar cells accounting for theregions are assumed to flow predominantly by diffusion; and
involvement of excitons had been developed by Green an

. ) recombination in the depletion region is neglected.
co-workers?®~2° assuming that all excess excitons were de—R/) b g g

pleted at the edge of the depletion region on the base sioﬁ:I THEORY
(i.e., no excitons are formed at the eglg€his assumption '
was argued by Zhangt al,*® who modified the theory The current—voltage dependence is described by the
of?*~2°assuming that the carriers and excitons are in equilibexpressiori*
rium and applied this assumption to silicon solar cells. In the

J=JS[ ex;{

We consider a simplified “one-sidedti*-p CdTe solar

q(V—JRy)

article, we shall study the temperature and doping-level de- T

_1] _Jsca (1)

dpermanent address: Physical-Technical Institute, Mavlyanov Str. 2 BYVhere‘] is the total current qenSitW is the photovoltagek
700084, Tashkent, Uzbekistan is the Boltzmann constant, is the cell temperature, arfel
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2
; (16)

is the series resistance. Following Ref. 30, dark-saturation
current densityJs and short-circuit current density,. are Ex=Eyer|1—
given by the following expressions:

Na

NMott

whereE,., is the unscreened exciton binding energy, which

1- 1- .
3=qDeno| -+ =7 +qD,n? £ 1= , (2)  we estimated as
Ly L Ly Lo
*
7 1-7 Exx=———=2-13.6eV). (17)
Jsc= G, a+L71+a+L71 ** m, e
1 2
Here, 1m* =1/m,+1/m, is the exciton reduced massi,
e ¢ N 1-¢ 3 andm, are the effective masses of electrons and holes, re-

*\ ot Ll’1 a+ L§1 ' spectively; ande is the dielectric constant. For CdTay,

Here,q is the absolute value of the electron charBg;and ZO.}JmO, mp=0.58my, 8:7.'1’ and the gsumat.ed valug of

. e - Ey. 1S Ex.~24.8 meV.ny, is the majority carrier density
D, are, respectively, the diffusion coefficients for electronswhen the exciton binding enerdg. (16)] goes to zero and
and holes;n, andn? are the equilibrium concentrations at g N 9

. xciton to exist. Using the results of Ref. 33 for Mott
the edge of the depletion layer; a®} and G, are the pho- excrions cease to exis Using the results of Re 33_ or Mo
. L . : density in silicon, we evaluatg,,,; for CdTe as a function of
togeneration rates of minority carriers and excitons. :
temperature as follows:

1 My+2M,,D,/D
AP fl o @ o= 1085 22 (19
20 Mot a &
_ 1+ Ma—2M 15D /Dy . which gives a valugy,~3x108cm 2 at T=300K. a}
= 2 2./ ' ® anda, are the Bohr radius, ang and e are the dielectric

constants of silicon and CdTe, respectively.
1 The experimental results of different authors on optical
\/Tl’ (6) and electrical properties of CdTe differ significantly, and
currently we lack direct experimental data on temperature
1 and doping level dependence of the exciton binding energy
N (7)  Ee the band-gap energl,, the free carrier and exciton
&2 lifetimes, and diffusion coefficients. To estimate these pa-

£1=0.5M 3+ Mop—\/3), (8  rameters, we shall use the results of indirect experiments.
Temperature and doping level dependence of exciton an-

£5,=0.5 M3+ Mo+ \/5), 9 nihilation energy can be described by:
=M e 1o EormES 2N~ 5T, (19
5=M3+4M M5y, (11) INa T

1 1 where the value of the temperature coefficiet.,/dT
My=|—+Db Na) —. (12) ~2.76x10 “*eV/K is taken from the theory of Ref. 12 for a

e De temperature range up =160 K. Our analyses of the other

1 1\1 experiments on photoluminescence measurements up to 400
M o= 2. /Dy (13) K23 show that the above value GE,, /4T is also valid at

higher temperatures, and the values agree with the experi-

1 ments oft>813
M= m (14 To evaluate the order of magnitude of doping level co-
efficientdEq,/JIN,, we have used the experimental results of
__bN; 15 Refs.3and 11, which give a value6x 10 ?2eVent. The
2T p, (15) experiments of Refs. 3 and 11 show displacement of the

exciton photoluminescence peak position with increasing
hotoexcitation intensity from 0.14 to 53.1 W/€tand in
ef. 11 with increasing concentration of Cl impurities from
10" to 1.7x10"8cm 3. Because we only consider doping
levels up to 1&cm™3, the doping-level dependence of ex-
citon binding energy is negligible.
We evaluated the band-gap energy of CdEg)(as a
sum of Eg andEy, Eg=Eg+Ey.
IV. PARAMETER VALUES Minority-carrier mobility had been estimated by:
Following Ref. 25, exciton binding enerdy, as a func- iz i + i + io, (20)
tion of doping level is evaluated by Mn  HA K1 My

According to Egs.(2) and (3), the effect of the interaction
between the electrons and excitons can be effectively de-
scribed as an portion of photogenerated electrons have a
diffusion length ofL, and the remaining electrons, {17),
have a diffusion length dof ,, and similarly for the photoge-
nerated electrons and excitons.



8788 J. Appl. Phys., Vol. 87, No. 12, 15 June 2000 Karazhanov et al.

where N, Eey
300, ° "R R T kT 28
p
~1300°| —| , 21 . . L .
Ha ( T ) @D to evaluate the exciton radiative recombination time. Here,

Rpn is the number of photons emitted per unit time per unit
volume in the exciton absorption region. Nlhowed that
TS 7« was only weakly dependent on temperature and that

N,-Ln[1+ 2000 T- N;’3] ' (22) =2 ns, because the exponent in the numerator of( Eg).is

partially cancelled by the exponent in the denominator. In
this article, we adopt this result and assumeas indepen-
ul~2x 102N 1, (23y  dentof temperature. We also assume thaloes not depend

on doping level. This assumption is confirmed indirectly by

for scattering by neutral centers. The carrier mobility giventhe experiments of Ref. 3, which indicated that exciton pho-

by expressions (20)-(23) differs from experimental  toluminescence peak position and intensity did not depend

datd™**%on carrier mobility in CdTe with In impurity of on free-carrier density.

concentration & 10°cm™*** with Cl of concentration be- Diffusion length of minority carriers and excitons are

tween 5< 10" and 2x< 10'%cm *** and with In concentra- evaluated by expressions

tion from 8x10Y to 10"8cm33° but agrees well with ex-

periments of Ref. 18. The expressi@@0) will be used Le=\DeTe, (29)

further to define the electron mobility in the temperature in- L.=/D.r (30

terval from 200 to 500 K and acceptor concentrations from X X

10'° to 108cm 3. whereD .= u,kT/q andD, are the diffusion coefficients of
One of the key parameters in solar cells is carrier life-electrons and excitons, respectively.

time. In p-type CdTe, it is established that cadmium vacan-  In the absence of experimental data, the diffusion length

cies are the shallow traps prolonging the carrier lifetfhe. of excitons in CdTe is taken, as in ZnSe,lgs=2.4um’ at

These lifetime investigations provided a value of 0.29-0.300m temperature, and assuming=0.3 n$® from Eq. (30),

ns, corresponding to a concentration of charged vacancies & is found. Then, following Ref. 25D, as a function of

about 16°cm 3.2 The lifetime values agree well with ex- temperature is estimated by expression

for the case of scattering by thermal lattice vibrations,

w~4X10%

for the case of impurity ion scattering, and

periments of Ref. 2 and 16 and are much longer than that 300
reported in Ref. 17, which lies in the range from 18to D, =200 /?_ (31)

10 %s. On the basis of the results of Refs. 2 and 16, to
evaluate temperature and doping-level dependence of To evaluate short-circuit currefEq. (3)], the absorption
minority-carrier lifetime, we have derived the expression: coefficienta is taken asy=6x 10* cm™?, which agrees with
330.96 exp— 404.5T) experimentg of Refs. 37 and 38. Following Ref. 31, series
T~ T+ 10 °N , (24 re5|_stance is taken a_%s=6 Q cm. Phptogeneratlon of free
a carriers G.) and excitons G,) is estimated from spectral
which describes well the experimental data of Refs. 2 andlistribution of solar radiation, which giveS.~8x 10** and
16. Note that the expression analogous to @d) is used in ~ Gx~8X10%cm 3s™%.
Refs. 26, 28, 30 to describe doping-level dependence of car- Further, we quantitatively investigate cadmium telluride

rier lifetime in silicon near room-temperature. solar cell performance as a function of temperature from 200
Another important parameter is the exciton formationto 500 K. We restricted our consideration for doping levels
time, which is of 10 and 13°cm 3, because of the general opinion that

the maximum concentration of holes possible prtype

3

1 (25  single-crystalline CdTe is hem 3,

b

wheren* can be found by using the method provided byv THE RESULTS AND DISCUSSION
Combescof? '

Td

A. Diffusion length of minority carriers and excitons

1 E, ) )
n*=—expg — —=|VNcN,. (26) As was shown in Refs. 26 and 30, the major effect of
21 kT ; .
excitons on solar cells depends on the relation of the value of
Here, N,=1.08x 10" T*5cm™3 and N,=1.2 the diffusion lengths of excitonsL() [Eq. (29)], minority
x 10 TH%cm ™2 are the densities of state in the conductioncarriers () [Eq. (30)], and effective diffusion lengthk,
and valence bands, respectively. For exciton binding parani£q. (6)] andL, [Eqg. (7)]. We have investigated the depen-
eter b, the following variation with temperature has beendence ofL,, L., L;, andL, on temperature at different
used? doping levels. The results are given in Fig. 1. The analysis of
3. T2 —6 T-0.5 7 Fig. 1 shows that both of the diffusion lengthg andL . are
b=10"7T “+25x10 7T "+ 1.5x10°". @7 much smaller than that in silic8for all values ofN, andT
Using the principle of detailed balance, NSlguggested the considered. The diffusion length of excitons is almost inde-
expression: pendent of doping level. The reason is that the doping levels
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103F

(a) N_=1014 cm?

104F

, : 104

109 b oo S

1012 1014 1016 1018

Doping level (cm-3)

_o_L

- . e
(b) Na'1015 cm-3 ——L FIG. 2. Ratio of exciton 1§3) and minority-carrier §,) concentrations

+Lx in cadmium telluride as a function of doping level at temperatdre€K):
1 (O) 200; (A) 300; (V) 400; (O) 500.
104} - L2 7
Bine we estimate the ratio of density of exciton§ to that of

minority carriers (,) at equilibrium for temperatures from
T=200 to 500 K. The results are given on Fig. 2, which
shows thatn? is smaller tham, at temperature§ =300 K
() N =1016 cm3 and doping levels<10Ycm™3, however, at high values of
@ N,>10cm™3 n2=n,, even at higher temperatures. Our
results in Fig. 1 are valid not only fqu type, but also for
n-type single-crystalline CdTe, where the free-electron con-
S AR fitiaimae centration can reach ¥cm3.11183%|t was reported in Ref.
200 300 400 500 . . .
32 that both inn- and p-type single-crystalline CdTe solar
Temperature (K) cells, the concentration of equilibrium majority carriers was
FIG. 1. Diffusion length of electrongO), excitons(A), and effective 2x10cm™> In poncrystalllne CdTe'.the doping lev?' C_an
lengthsL , (V) andL, (0J), as a function of temperature at different doping "€ach 16"-10"cm 33" In these materials, as shown in Fig.
levelsN,, cm™3: (a) 10" (b) 105 (c) 10 2, the density of excitons can reach and even exceed that of
minority carriers. In all CdTe, excitons are observed experi-
mentally at room temperature by photoluminescence mea-
considered are much less than the Mott density for CdT%urements{see Refs. 1—24Hence, one can expect a signifi-
[Eq. (18)]. Consequently, the variations of the exciton bind-cant effect of excitons on CdTe solar cells and devices.
ing energyE, [Eg. (19)] and lifetime r, [Eq. (28)] are neg-
ligible. The slight variation of_, with temperature is caused
by the variation of the diffusion coefficiell, [Eq.(31)], as  ¢. park-saturation current and short-circuit current

it was shown in Ref. 2 that lifetime, is independent of , .
temperature. The dark-saturation current densitys) and the short-

The diffusion length of electronsL() decreases with Circuit current density Is;) are estimated by expressiof®
increasing temperature, which is caused by that of mobility"‘nd (3) for excitons included and without excitons. The re-

[Eq. (20)] and lifetime [Eq. (24)]. For this reason, at low Sults are given in Figs. 3 anda. The analyses of Fig.(8)
doping levels ofN,<10cm™3, L.>L, [Figs. 1a) and Show thatthe ratio of the dark-saturation current density with

1(b)] and at doping levels ofN,>10cm 3 L.<L excitons considered to that with excitons neglected is more
; a T X than unity. Hence, the involvement of excitons in CdTe re-
[Fig. 1(c)]. y

Temperature and doping-level induced changed. of sults in an increase of dark current. This result agrees with
andL, cause a variation of the effective lengths[Eq. (5)] the conclusion of Ref. 30 about the negative effect of exci-

andL, [Eq. (6)]. Analysis of Fig. 1 shows that for all doping tonsiolg dark current at exciton binding coeﬁiciénak_)ove
levels and temperatures considered héresL,, L, L., >10 cm’/s. However, both values of dark-saturation cur-

which agrees with the results of Ref. 30. rent density with excitons considered and neglected are sev-
eral orders of magnitude less than that found from experi-
mentally measured current—voltage characterigse® e.g.,
Ref. 31] [Fig. 3@]. Other parameters of the CdTe solar cells
Assuming equilibrium between free carriers andalso differ significantly from experimental value. The reason
excitong>3® at a thermodynamic equilibrium state of is that in our estimations afy(2), we used the relation

Nano=n*n, (32 No- Po=N?, (33

Effective and diffusion length of electrons and excitons (cm)

104}

B. Density of excitons in cadmium telluride
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2
[o] q 20
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a ——t :
5 E 1
3
(b) 8
1 .(3 B —— Pda:1 0% cm=3 =

200 300 400 500

—r— = =
Na-1 015 cm-3 Temperature (K}

°o 1.4 ~
3 g
¢ [
N 2
1.2 z
2 a O 200 300 400 500
200 300 400 500 Temperature (K)
Temperature (K) FIG. 4. Temperature dependence of dark-saturation current defagity

short-circuit current(b), open-circuit voltage(c), fill factor (d), and effi-

FIG. 3. Temperature dependence of the dark-saturation current démsity CiENcY (€) of n“p CdTe solar cells includjr;q excitons—) %{‘d without
with excitons considered, (—), with excitons neglected® (—— —), and excitons(———) for doping levelsN, (cm™): (O), (@) 10" (A), (A)

5 ] .
(b) their ratio (05/J%) at doping leveld\, cm™3: (O) 10% (A) 10%, 10%. (M) is the experimental results of Ref. 44 B300 K.

not valid. By comparindEg. (34)] with [Eg. (35)], one can
to find the minority-carrier density. Here is the intrinsic ~ find that for CdTene~10°ng. This means that because of
carrier concentration. Note that the relati®8) is derived the involvement of excitons in current transport, the
for semiconductors without taking into account the involve-minority-carrier density and dark-saturation current density
ment of excitons. If the density of excitons is comparablemay be increased several orders of magnitude. NoteJthat
with that of minority carriers, then the disassociation of ex-also defined by exciton diffusion length. Because the upper
citons contributes to the free-carrier density, and relatiorvalue ofN, we consider is 1¥cm™3, then according to Eq.
(33) will not be fulfilled. This suggestion is confirmed ex- (19) the binding energy of excitons will not change with
perimentally in Ref. 21 for CdTe and in Refs. 40—42 for doping level. Temperature sensitivity of the dark current is
silicon. According to Ref. 21, the product of experimentally then determined mainly by the temperature-induced changes
measured electron and hole densities equals of intrinsic carrier concentration. Our estimations by Eds$.
ny-p PR (34) and (5) show thaty<0 and £<0. Moreover, as shown in
0 Po i Fig. 1,L,>L,. The expression for dark current density
The dark current, which is estimated taking into accg@at. ~ [Eq. (12)] can then be simplified as:
(34)], agrees with that found from the experimental current—
voltage dependence of Refs. 31, 43 and 44. Thus, to estimate J .~ g(Deno+ D nx) (36)
the other parameters of the CdTe solar cells we shall use the
relation (34). which confirms the validity of the above analyses.
The analyses ofEq. (34)] show that at low injection The analyses of the expressi@® for J; show that for
levels, one can pyb,=N,. The minority-carrier density, small values ob, »—0 and/—0. As a resultL,—L, and
can be presented as a sum of that without excitthand  L,—L,. Then Js=q(Dcn,/Le+Dyn/L,), which means

that formed due to disassociation of excitang i.e., that electrons and excitons diffuse independently with their
No=N%+ Ngy. (35  OWn characterlstlcs. The condition for reduction of dark cur-
rent will be:

In semiconductors with a low content of excitons, D.n°
>n,, and the relatior{33) is valid. For semiconductors with Den0>Deno xMx
a high density of excitons)e,=ng and the relation(33) is Le Le Ly '

(37



J. Appl. Phys., Vol. 87, No. 12, 15 June 2000

which is never fulfilled becausB,ny/L,=0.

For large values ofb, »—1 and {—1; so Jg

Karazhanov et al. 8791

that the production of electron and hole concentrations is not
equal to the square of the intrinsic carrier concentration. It is

~qL1_1(Den0+ D,ny). Hence, the dark-saturation current shown that dark-saturation current density and other cell pa-

density may be reduced when
Deno>Den0 . Dyn?
Le Ll I-x
This condition can be fulfilled ifL,<L,,L,, which may
take place at high doping levels.g., see Fig. @)].

(39

D. Other solar cell performance parameters

The open-circuit voltage\(,) is evaluated by
KT [Jg
=—In| —+
Ve q In( 3, 1),

found from Eq.(1) assumingl=0. The fill factor(FF) and
efficiency(#) are estimated as

(39

kT 100 Jsk (JSC (JSC H
F=— +|=+1]|Inf—=+1]-1
q ‘]SCVOC ‘]S ‘JS
JsRs
“ V. -100, (40)
7=FF-Js Voo 0.1. (41)

rameters agree with experimental data only if the empirical
relation of Ref. 21[Eq. (34)] is used in estimations. The
empirical relation indicates an exciton-induced increase of
minority-carrier density and dark-saturation current density
by 3 orders of magnitude. Then, the relation between the
values of the diffusion lengths of electronk.f, excitons
(L), and effective diffusion lengthsL¢) and (L,) do not
make significant quantitative changes to the valud of It

was shown that short-circuit current is almost independent of
temperature and doping level. Consequently, variation of the
CdTe solar cell performance as a function of temperature and
doping level is defined by that of the dark current. We have
shown that the effect of excitons on CdTe solar cells is nega-
tive, because of relatio34). Note that this conclusion is
valid only for CdTe with the doping level considered. For
other semiconductors, it is necessary to make a similar
analysis for each specific case.
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