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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 levels>1015cm23. 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. ©2000 American Institute of Physics.@S0021-8979~00!07612-X#

I. INTRODUCTION

With rising energy costs, terrestrial photovoltaics are be-
coming more attractive as a supplementary energy source.
However, the present cost of Si and GaAs cells prevents their
widespread use, and economic considerations dictate the use
of thin-film cells. The compound semiconductors CdTe,
CdS, InP, and CuInSe2 are thus attractive for this application.
Among these materials, CdTe is one of the leading candi-
dates.

It should be noted that CdTe solar cells made by differ-
ent groups show a significant variation in short-circuit cur-
rents, open-circuit voltages, and cell efficiencies. A better
understanding of carrier loss and transport mechanism is cru-
cial for explaining the differences, improving the yield, and
bridging the gap between ideal and practically achievable
limits in CdTe efficiencies.

The aim of this work is to investigate the effect of exci-
tons on CdTe solar cells. The existence of excitons in CdTe
at room temperature and higher has been confirmed experi-
mentally in many studies~see Refs. 1–24! by photolumines-
cence, piezoreflectance, absorption measurements, and the
interband Faraday effect. However, the involvement of exci-
tons in current transport has not yet been taken into account
in theoretical investigations of the electrical properties of
CdTe and solar cells.14,15,17–21

It should be noted that the role of free excitons in device
operation may be significant, which has been demonstrated
in Refs. 25–30 for silicon solar cells and diodes. The theory
of photocurrent transport in solar cells accounting for the
involvement of excitons had been developed by Green and
co-workers,26–29 assuming that all excess excitons were de-
pleted at the edge of the depletion region on the base side
~i.e., no excitons are formed at the edge!. This assumption
was argued by Zhanget al.,30 who modified the theory
of26–29assuming that the carriers and excitons are in equilib-
rium and applied this assumption to silicon solar cells. In the
article, we shall study the temperature and doping-level de-

pendence of CdTe solar cell performance including excitons
with the modified theory of Ref. 30.

II. A SIMPLIFIED SOLAR CELL MODEL AND
ASSUMPTIONS

We consider a simplified ‘‘one-sided’’n1-p CdTe solar
cell adopted in Refs. 25–29, operating under air mass 1
~AM1! illumination at Pinp5100 mW/cm2. The influence of
a thin n1 layer, spatial nonuniform distribution of shallow
acceptors, and surface effects on photocurrent will be ne-
glected, and analyses will be made for one-dimension and
for a p-base layer.

We consider as shallow acceptors cadmium vacancies
with ionization energy 0.06 eV above the top of the valence
band.31 It is well known that this is the main charged native
defect in Te-rich CdTe.22 The current technology allows one
to get CdTe samples with equilibrium hole concentrations of
up to 1015cm23. However, it was shown in Ref. 32 that
CdTe layers had been doped extrinsically to 231017cm23,
both n andp type, which has been the highest doping level
reported in the literature. In the article, we shall consider the
doping levels of 1014 and 1015cm23. Excitons are assumed
to be in equilibrium with free carriers at the edge of the
depletion region.30 Excitons bound to impurities are assumed
to be negligible. Also, we adopted the following approxima-
tions made in Ref. 26:~i! the depletion approximation;~ii !
within the depletion region, the drift and diffusion currents
are opposing and approximately equal in magnitude;~iii !
low-level injection is assumed;~iv! minority carriers in bulk
regions are assumed to flow predominantly by diffusion; and
~v! recombination in the depletion region is neglected.

III. THEORY

The current–voltage dependence is described by the
expression:31

J5JsH expFq~V2JRs!

kT G21J 2Jsc, ~1!

whereJ is the total current density,V is the photovoltage,k
is the Boltzmann constant,T is the cell temperature, andRs
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is the series resistance. Following Ref. 30, dark-saturation
current densityJs and short-circuit current densityJsc are
given by the following expressions:

Js5qDen0S h

L1
1

12h

L2
D1qDxnx

0S z

L1
1

12z

L2
D , ~2!

Jsc5qGr S h

a1L1
21 1

12h

a1L2
21D

1qGxS z

a1L1
21 1

12z

a1L2
21D . ~3!

Here,q is the absolute value of the electron charge;De and
Dx are, respectively, the diffusion coefficients for electrons
and holes;n0 and nx

0 are the equilibrium concentrations at
the edge of the depletion layer; andGe andGx are the pho-
togeneration rates of minority carriers and excitons.

h5
1

2
2

MD12M21Dx /De

2Ad
, ~4!

z5
1

2
1

MD22M12De /Dx

2Ad
, ~5!

L15
1

A«1

, ~6!

L25
1

A«2

, ~7!

«150.5~M111M222Ad!, ~8!

«250.5~M111M221Ad!, ~9!

MD5M112M22, ~10!

d5MD
2 14M12M21, ~11!

M115S 1

te
1bNaD 1

De
. ~12!

M225S 1

ta
1

1

td
D 1

Dx
, ~13!

M1252
1

tdDe
, ~14!

M2152
bNa

Dx
. ~15!

According to Eqs.~2! and ~3!, the effect of the interaction
between the electrons and excitons can be effectively de-
scribed as ah portion of photogenerated electrons have a
diffusion length ofL1 and the remaining electrons, (12h),
have a diffusion length ofL2 , and similarly for the photoge-
nerated electrons and excitons.

IV. PARAMETER VALUES

Following Ref. 25, exciton binding energyEx as a func-
tion of doping level is evaluated by

Ex5Ex`•F12A Na

nMott
G2

, ~16!

whereEx` is the unscreened exciton binding energy, which
we estimated as

Ex`5
m*

mo

1

«2 •13.6~eV!. ~17!

Here, 1/m* 51/mn11/mp is the exciton reduced mass;mn

and mp are the effective masses of electrons and holes, re-
spectively; and« is the dielectric constant. For CdTe,mn

50.11m0 , mp50.55m0 , «57.1, and the estimated value of
Ex` is Ex`'24.8 meV.nMott is the majority carrier density
when the exciton binding energy@Eq. ~16!# goes to zero and
excitons cease to exist. Using the results of Ref. 33 for Mott
density in silicon, we evaluatenMott for CdTe as a function of
temperature as follows:

nMott51016
•

a0*

a0

«*

«
•T, ~18!

which gives a valuenMott'331018cm23 at T5300 K. a0*
and a0 are the Bohr radius, and«* and « are the dielectric
constants of silicon and CdTe, respectively.

The experimental results of different authors on optical
and electrical properties of CdTe differ significantly, and
currently we lack direct experimental data on temperature
and doping level dependence of the exciton binding energy
Eex, the band-gap energyEg , the free carrier and exciton
lifetimes, and diffusion coefficients. To estimate these pa-
rameters, we shall use the results of indirect experiments.

Temperature and doping level dependence of exciton an-
nihilation energy can be described by:

Eex'Eex
o 2

]Eex

]Na
Na2

]Eex

]T
T, ~19!

where the value of the temperature coefficient]Eex/]T
'2.7631024 eV/K is taken from the theory of Ref. 12 for a
temperature range up toT5160 K. Our analyses of the other
experiments on photoluminescence measurements up to 400
K2,3 show that the above value of]Eex/]T is also valid at
higher temperatures, and the values agree with the experi-
ments of.4,5,8,13

To evaluate the order of magnitude of doping level co-
efficient]Eex/]Na , we have used the experimental results of
Refs. 3 and 11, which give a value;6310222eV cm3. The
experiments of Refs. 3 and 11 show displacement of the
exciton photoluminescence peak position with increasing
photoexcitation intensity from 0.14 to 53.1 W/cm23 and in
Ref. 11 with increasing concentration of Cl impurities from
1015 to 1.731018cm23. Because we only consider doping
levels up to 1015cm23, the doping-level dependence of ex-
citon binding energy is negligible.

We evaluated the band-gap energy of CdTe (Eg) as a
sum ofEex andEx , Eg5Eex1Ex .

Minority-carrier mobility had been estimated by:

1

mn
5

1

mA
1

1

m1
1

1

m l
0 , ~20!
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where

mA'1300* S 300

T D 1.5

, ~21!

for the case of scattering by thermal lattice vibrations,

m l'431015
T1.5

Na•Ln@112000•T•Na
1/3#

, ~22!

for the case of impurity ion scattering, and

m l
0'231020

•Na
21, ~23!

for scattering by neutral centers. The carrier mobility given
by expressions ~20!–~23! differs from experimental
data11,34,35 on carrier mobility in CdTe with In impurity of
concentration 531015cm23,34 with Cl of concentration be-
tween 531017 and 231018cm23 11 and with In concentra-
tion from 831017 to 1018cm23 35 but agrees well with ex-
periments of Ref. 18. The expression~20! will be used
further to define the electron mobility in the temperature in-
terval from 200 to 500 K and acceptor concentrations from
1015 to 1018cm23.

One of the key parameters in solar cells is carrier life-
time. In p-type CdTe, it is established that cadmium vacan-
cies are the shallow traps prolonging the carrier lifetime.24

These lifetime investigations provided a value of 0.29–0.3
ns, corresponding to a concentration of charged vacancies of
about 1016cm23.23 The lifetime values agree well with ex-
periments of Ref. 2 and 16 and are much longer than that
reported in Ref. 17, which lies in the range from 10212 to
10210s. On the basis of the results of Refs. 2 and 16, to
evaluate temperature and doping-level dependence of
minority-carrier lifetime, we have derived the expression:

tn'
330.96 exp~2404.5/T!

1110216
•Na

, ~24!

which describes well the experimental data of Refs. 2 and
16. Note that the expression analogous to Eq.~24! is used in
Refs. 26, 28, 30 to describe doping-level dependence of car-
rier lifetime in silicon near room-temperature.

Another important parameter is the exciton formation
time, which is

td5
1

bn*
, ~25!

where n* can be found by using the method provided by
Combescot:36

n* 5
1

21
expF2

Ex

kTGANcNv. ~26!

Here, Nc51.0831014T1.5cm23 and Nv51.2
31015T1.5cm23 are the densities of state in the conduction
and valence bands, respectively. For exciton binding param-
eter b, the following variation with temperature has been
used:2

b51023
•T2212.531026

•T20.511.531027. ~27!

Using the principle of detailed balance, Nolle2 suggested the
expression:

tx5
Nc

Rph
expS 2

Eex

kT D , ~28!

to evaluate the exciton radiative recombination time. Here,
Rph is the number of photons emitted per unit time per unit
volume in the exciton absorption region. Nolle2 showed that
tx was only weakly dependent on temperature and thattx

52 ns, because the exponent in the numerator of Eq.~28! is
partially cancelled by the exponent in the denominator. In
this article, we adopt this result and assumetx as indepen-
dent of temperature. We also assume thattx does not depend
on doping level. This assumption is confirmed indirectly by
the experiments of Ref. 3, which indicated that exciton pho-
toluminescence peak position and intensity did not depend
on free-carrier density.

Diffusion length of minority carriers and excitons are
evaluated by expressions

Le5ADete, ~29!

Lx5ADxtx, ~30!

whereDe5mnkT/q andDx are the diffusion coefficients of
electrons and excitons, respectively.

In the absence of experimental data, the diffusion length
of excitons in CdTe is taken, as in ZnSe, asLx'2.4mm7 at
room temperature, and assumingtx'0.3 ns23 from Eq. ~30!,
Dx is found. Then, following Ref. 25,Dx as a function of
temperature is estimated by expression

Dx5200•A300

T
. ~31!

To evaluate short-circuit current@Eq. ~3!#, the absorption
coefficienta is taken asa563104 cm21, which agrees with
experiments of Refs. 37 and 38. Following Ref. 31, series
resistance is taken asRs56 V cm. Photogeneration of free
carriers (Ge) and excitons (Gx) is estimated from spectral
distribution of solar radiation, which givesGe'831021 and
Gx'831020cm23 s21.

Further, we quantitatively investigate cadmium telluride
solar cell performance as a function of temperature from 200
to 500 K. We restricted our consideration for doping levels
of 1014 and 1015cm23, because of the general opinion that
the maximum concentration of holes possible inp-type
single-crystalline CdTe is 1015cm23.

V. THE RESULTS AND DISCUSSION

A. Diffusion length of minority carriers and excitons

As was shown in Refs. 26 and 30, the major effect of
excitons on solar cells depends on the relation of the value of
the diffusion lengths of excitons (Lx) @Eq. ~29!#, minority
carriers (Le) @Eq. ~30!#, and effective diffusion lengthsL1

@Eq. ~6!# andL2 @Eq. ~7!#. We have investigated the depen-
dence ofLx , Le , L1 , and L2 on temperature at different
doping levels. The results are given in Fig. 1. The analysis of
Fig. 1 shows that both of the diffusion lengthsLx andLe are
much smaller than that in silicon39 for all values ofNa andT
considered. The diffusion length of excitons is almost inde-
pendent of doping level. The reason is that the doping levels

8788 J. Appl. Phys., Vol. 87, No. 12, 15 June 2000 Karazhanov et al.
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considered are much less than the Mott density for CdTe
@Eq. ~18!#. Consequently, the variations of the exciton bind-
ing energyEx @Eq. ~19!# and lifetimetx @Eq. ~28!# are neg-
ligible. The slight variation ofLx with temperature is caused
by the variation of the diffusion coefficientDx @Eq. ~31!#, as
it was shown in Ref. 2 that lifetimetx is independent of
temperature.

The diffusion length of electrons (Le) decreases with
increasing temperature, which is caused by that of mobility
@Eq. ~20!# and lifetime @Eq. ~24!#. For this reason, at low
doping levels ofNa<1015cm23, Le.Lx @Figs. 1~a! and
1~b!# and at doping levels ofNa.1015cm23, Le,Lx

@Fig. 1~c!#.
Temperature and doping-level induced changes ofLe

andLx cause a variation of the effective lengthsL1 @Eq. ~5!#
andL2 @Eq. ~6!#. Analysis of Fig. 1 shows that for all doping
levels and temperatures considered here,L2,L1 , Lx , Le ,
which agrees with the results of Ref. 30.

B. Density of excitons in cadmium telluride

Assuming equilibrium between free carriers and
excitons25,36 at a thermodynamic equilibrium state of

Nan05n* nx
0, ~32!

we estimate the ratio of density of excitonsnx
o to that of

minority carriers (no) at equilibrium for temperatures from
T5200 to 500 K. The results are given on Fig. 2, which
shows thatnx

o is smaller thanno at temperaturesT>300 K
and doping levels,1017cm23; however, at high values of
Na.1017cm23, nx

0>no , even at higher temperatures. Our
results in Fig. 1 are valid not only forp type, but also for
n-type single-crystalline CdTe, where the free-electron con-
centration can reach 1018cm23.11,18,34It was reported in Ref.
32 that both inn- and p-type single-crystalline CdTe solar
cells, the concentration of equilibrium majority carriers was
231017cm23. In polycrystalline CdTe, the doping level can
reach 101721018cm23.31 In these materials, as shown in Fig.
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-
surements~see Refs. 1–24!. Hence, one can expect a signifi-
cant effect of excitons on CdTe solar cells and devices.

C. Dark-saturation current and short-circuit current

The dark-saturation current density (Js) and the short-
circuit current density (Jsc) are estimated by expressions~2!
and ~3! for excitons included and without excitons. The re-
sults are given in Figs. 3 and 4~a!. The analyses of Fig. 3~b!
show that the ratio of the dark-saturation current density with
excitons considered to that with excitons neglected is more
than unity. Hence, the involvement of excitons in CdTe re-
sults in an increase of dark current. This result agrees with
the conclusion of Ref. 30 about the negative effect of exci-
tons on dark current at exciton binding coefficientb above
.10210cm3/s. However, both values of dark-saturation cur-
rent density with excitons considered and neglected are sev-
eral orders of magnitude less than that found from experi-
mentally measured current–voltage characteristics@see e.g.,
Ref. 31# @Fig. 3~a!#. Other parameters of the CdTe solar cells
also differ significantly from experimental value. The reason
is that in our estimations ofJs(2), weused the relation

n0•p05ni
2, ~33!

FIG. 1. Diffusion length of electrons~s!, excitons ~n!, and effective
lengthsL1 ~,! andL2 ~h!, as a function of temperature at different doping
levelsNa , cm23: ~a! 1014; ~b! 1015; ~c! 1016.

FIG. 2. Ratio of exciton (nx
o) and minority-carrier (no) concentrations

in cadmium telluride as a function of doping level at temperaturesT ~K!:
~s! 200; ~n! 300; ~,! 400; ~h! 500.
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to find the minority-carrier density. Here,ni is the intrinsic
carrier concentration. Note that the relation~33! is derived
for semiconductors without taking into account the involve-
ment of excitons. If the density of excitons is comparable
with that of minority carriers, then the disassociation of ex-
citons contributes to the free-carrier density, and relation
~33! will not be fulfilled. This suggestion is confirmed ex-
perimentally in Ref. 21 for CdTe and in Refs. 40–42 for
silicon. According to Ref. 21, the product of experimentally
measured electron and hole densities equals

n0•p05103
•ni

2. ~34!

The dark current, which is estimated taking into account@Eq.
~34!#, agrees with that found from the experimental current–
voltage dependence of Refs. 31, 43 and 44. Thus, to estimate
the other parameters of the CdTe solar cells we shall use the
relation ~34!.

The analyses of@Eq. ~34!# show that at low injection
levels, one can putpo5Na . The minority-carrier densityno

can be presented as a sum of that without excitonsno
o and

that formed due to disassociation of excitonsnex i.e.,

n05ns
01nex. ~35!

In semiconductors with a low content of excitons,no
o

@nex and the relation~33! is valid. For semiconductors with
a high density of excitons,nex>no

o and the relation~33! is

not valid. By comparing@Eq. ~34!# with @Eq. ~35!#, one can
find that for CdTe,nex'103no

o . This means that because of
the involvement of excitons in current transport, the
minority-carrier density and dark-saturation current density
may be increased several orders of magnitude. Note thatJs is
also defined by exciton diffusion length. Because the upper
value ofNa we consider is 1015cm23, then according to Eq.
~19! the binding energy of excitons will not change with
doping level. Temperature sensitivity of the dark current is
then determined mainly by the temperature-induced changes
of intrinsic carrier concentration. Our estimations by Eqs.~4!
and ~5! show thath,0 and j,0. Moreover, as shown in
Fig. 1, L1.L2 . The expression for dark current densityJs

@Eq. ~12!# can then be simplified as:

Js'
q

L2
~Den01Dxnx

0!, ~36!

which confirms the validity of the above analyses.
The analyses of the expression~2! for Js show that for

small values ofb, h→0 andz→0. As a result,L1→Le and
L2→Lx . Then Js'q(Deno /Le1Dxnx

o/Lx), which means
that electrons and excitons diffuse independently with their
own characteristics. The condition for reduction of dark cur-
rent will be:

Den0

Le
.

Den0

Le
1

Dxnx
0

Lx
, ~37!

FIG. 3. Temperature dependence of the dark-saturation current density~a!
with excitons consideredJs ~—!, with excitons neglectedJs* ~— — —!, and
~b! their ratio (Js /Js* ) at doping levelsNa cm23: ~s! 1014; ~n! 1015.

FIG. 4. Temperature dependence of dark-saturation current density~a!,
short-circuit current~b!, open-circuit voltage~c!, fill factor ~d!, and effi-
ciency ~e! of n1p CdTe solar cells including excitons~—! and without
excitons~— — —! for doping levelsNa (cm23): ~s!, ~d! 1014; ~n!, ~m!
1015. ~j! is the experimental results of Ref. 44 atT5300 K.
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which is never fulfilled becauseDxnx
o/Lx>0.

For large values ofb, h→1 and z→1; so Js

'qL1
21(Deno1Dxnx

o). Hence, the dark-saturation current
density may be reduced when

Den0

Le
.

Den0

L1
1

Dxnx
0

Lx
. ~38!

This condition can be fulfilled ifLe,L1 ,Lx , which may
take place at high doping levels@e.g., see Fig. 1~d!#.

D. Other solar cell performance parameters

The open-circuit voltage (Voc) is evaluated by

Voc5
kT

q
lnS Jsc

Js
11D , ~39!

found from Eq.~1! assumingJ50. The fill factor ~FF! and
efficiency ~h! are estimated as

FF5
kT

q

100•Js

JscVoc
H 11S Jsc

Js
11D •F lnS Jsc

Js
11D21G J

2
JscRs

2Voc
•100, ~40!

h5FF•Jsc•Voc•0.1. ~41!

The results are presented in Fig. 4, where one can see that
solar cell performance, taking into account excitons and re-
lation ~34!, agrees with the experimental data of Ref. 44.

The analyses of Fig. 1 show thatL1 ,L2,a. Expression
~3! can then be simplified and has the form:

Jsc'q•
Ge1Gx

a
. ~42!

It follows from expression~42! that short-circuit current is
defined by photogeneration rates of free carriersGe , exci-
tonsGx , and absorption coefficienta, and does not depend
on L1 andL2 . Consequently, as it follows from Fig. 4~b!, Jsc

is nearly independent of doping level and temperature. As a
result, temperature and doping-level dependence of the other
solar cell parameters are defined by that of the dark current
@compare Fig. 4~a! with Figs. 4~c!–4~e!#. One can see from
Fig. 4 that open-circuit voltage@Fig. 4~c!#, efficiency @Fig.
4~d!#, and fill factor@Fig. 4~e!# of the CdTe solar cells with
excitons considered are smaller than that with excitons ne-
glected. Thus, the effect of excitons on CdTe solar cells is
negative, which is caused by the relation~34!.

VI. CONCLUSION

Using the modified version Ref. 30 of the three-particle
theory of Ref. 25, we have studied temperature and doping-
level dependence of CdTe solar cell performance. We have
found empirical expressions for temperature and doping-
level dependence of the carrier lifetime, mobility, exciton
binding energy, and Mott density. We have shown that the
density of excitons in CdTe can reach and even exceed that
of minority carriers at equilibrium for doping levels above
1017cm23 and temperaturesT>300 K. Comparing experi-
mental and theoretical values of dark current, we have found

that the production of electron and hole concentrations is not
equal to the square of the intrinsic carrier concentration. It is
shown that dark-saturation current density and other cell pa-
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 electrons (Le), excitons
(Lx), and effective diffusion lengths (L1) and (L2) do not
make significant quantitative changes to the value ofJs . 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 relation~34!. 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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