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CdSeTe/CdMgTe double heterostructures were produced with both n-type and unintentionally
doped absorber layers. Measurements of the dependence of photoluminescence intensity on excita-
tion intensity were carried out, as well as measurements of time-resolved photoluminescence decay
after an excitation pulse. It was found that decay times under very low photon injection conditions
are dominated by a non-radiative Shockley-Read-Hall process described using a recombination
center with an asymmetric capture cross section, where the cross section for holes is larger than
that for electrons. As a result of the asymmetry, the center effectively extends photoluminescence
decay by a hole trapping phenomenon. A reduction in electron capture cross section appeared at
doping densities over 10'°%cm™>. An analysis of the excitation intensity dependence of room tem-
perature photoluminescence revealed a strong relationship with doping concentration. This allows
estimates of the carrier concentration to be made through a non-destructive optical method. Iodine
was found to be an effective n-type dopant for CdTe, allowing controllable carrier concentrations

without an increased rate of non-radiative recombination. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4966574]

I. INTRODUCTION

CdTe solar cells continue to advance in both device per-
formance and market share. Efficiency records for polycrys-
talline CdTe solar cells have recently exceeded 22% and
continue to increase frequently.' This value remains well
below the predicted Shockley—Queisser limit, suggesting that
significant opportunities remain for improvement. Since the
short-circuit current density is already near the theoretical
limit, efforts are focusing on improving open-circuit voltage
(Voc) and fill factor, which are currently below 0.9V and
80%, respectively, for most devices.” More effective doping
is expected to increase the Ve, and several recent efforts
have demonstrated important improvements through longer
carrier lifetime 7 and low interface state density in single crys-
tal CdTe.>* These developments allow the electronic proper-
ties of CdTe to become comparable to those of GaAs, with
the potential benefits of a slightly lower radiative recombina-
tion parameter and a higher tolerance to dislocations.

Efficient CdTe-based solar cells rely on the n-type layer
to be much more heavily doped than the p-type absorber
layer. Ideally, the p-side doping level should be several times
larger than 10'® cm ™, and the n-side should be well over an
order of magnitude higher than this.” However, when using
the industry’s n-type dopants of choice, In and Cl, carrier
lifetimes tend to degrade at these doping levels.*’ The
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photoluminescence (PL) for In-doped material is not domi-
nated by an excitonic transition, suggesting that there are
parasitic recombination pathways in CdTe:In.® However,
Todine doping was found to yield extremely bright excitonic
photoluminescence (PL) at room temperature.” We therefore
investigated iodine as an n-type dopant for CdTe layers.

Standard Hall effect measurements were used to measure
the carrier concentration of doped samples grown on insulat-
ing substrates. This measurement, which is generally indis-
pensable for doping studies, is necessarily destructive, and it
is difficult to carry out on non-insulating substrates such as
InSb. Making good Ohmic contacts to CdTe can itself be a
non-trivial task.'® Therefore, the dependence of photolumi-
nescence intensity upon excitation intensity (PL-I), which has
been used to monitor recombination-related energy levels and
interface quality,'' is proposed as a non-destructive means of
estimating carrier concentration in samples with or without
conducting substrates.

Throughout the doping range, a high minority carrier life-
time t must be maintained.'"> The wider bandgap alloy
Cd,_ Mg, Te forms a type I heterojunction with CdTe, and it
has the potential to serve as an electron-reflective buffer layer
in CdTe-based solar cells.'*'* Barriers made from this mate-
rial have already proven highly effective at preventing the
loss of photocarriers to the strong non-radiative recombination
rates of bare CdTe surfaces.'> Double Heterostructures (DHs),
which enclose a CdTe film between two Cd,_,Mg,Te bar-
riers, can even serve as a model system for the study of the
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optical properties of CdTe, in much the same fashion as
GaAs/AlGaAs heterostructures.'®

To quantify the lifetime, time-resolved photolumines-
cence (TRPL) measurements are typically employed.
However, TRPL can sometimes be made ambiguous by
multi-exponential traces.'” These can be due to transport of
photocarriers from their initial depth one absorption length
from the top surface,'® lateral transport from the laser excita-
tion spot,'? lateral transport into extended defects,”® charge
separation due to electric fields,?' or a change in trap occupa-
tion with time.?? By modeling both excitation-dependent and
time-resolved PL, we find that the luminescence properties
of the DHs studied are explicable in terms of a single non-
radiative recombination center.

Il. EXPERIMENT

For PL characterization, DHs were grown on (100) InSb
substrates. InSb oxides were thermally desorbed under an
antimony flux. A buffer layer of InSb was grown by molecular
beam epitaxy (MBE) in a dedicated III-Sb chamber, which
was followed by a buffer of CdSe,Te;_,. The weak selenium
alloying of y ~ 1% is included to allow a full lattice match
with the InSb. This approach is necessary to allow growth of
samples greater than 2 um on InSb substrates without misfit
dislocations or any appreciable reduction in material quality.*
The DH itself was then grown on this buffer, consisting of a
30nm bottom barrier of CdMgTe, a 0.5-5 um thick absorber
layer of CdSeTe, and a top barrier of CdMgTe. A final 10nm
cap layer of CdTe was included to protect the Mg in the top
barrier from oxidation in the ambient atmosphere.

In the double heterostructures, the bandgap (E,) of the
thin CdMgTe barriers was measured by variable angle spec-
troscopic ellipsometry (SE) in the range of 250-800 nm, at
incident angles of 65°, 70°, and 75°. From E,, the value of x
could be found.** Samples were chosen with barrier Mg
compositions of 33% and above. Low extended defect densi-
ties, of 10°cm~2 or less, were verified by confocal PL
microscopy. These measures helped to minimize the effect
of the surface and dislocation density on the non-radiative
recombination rate.

PL-I measurements used a 514 nm laser for excitation.
A 6.5 x objective lens focused the laser light to a 120 um
FWHM Gaussian spot and collected the resulting PL, which
was focused on a photomultiplier tube (PMT). The absolute
excitation power could be varied with neutral density filters
and measured with a calibrated power meter. TRPL was
measured by time-correlated single photon detection using a
640nm or 430nm pulsed laser focused on a spot about
800 um in diameter, yielding an injection level of 7 x 10°
photons/cm? for a pulse. Note that this is a very low injection
level, allowing observation of trap-related phenomena in
TRPL. For electrical characterization, additional double het-
erostructures were grown on semi-insulating (211) or (100)
CdTe substrates, without Se and beginning with a 200 nm
CdTe buffer.?® Simple 1-2 um thick CdTe and Cd,_,Mg,Te
films were also grown on semi-insulating CdTe substrates.
The Van der Pauw Hall effect technique was employed using
soldered indium as a contact.
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lll. RESULTS
A. Analysis of TRPL lifetime

Figure 1 shows representative TRPL traces from DH
samples with 640nm excitation. Long TRPL decays are
often observed at low excitation intensities, especially for
undoped material. The extended signals are far above the
background counts of the apparatus, and indeed two separate
time-correlated TRPL setups at the National Renewable
Energy Laboratory (NREL) and Texas State University
(TSU) often yielded nearly identical extended traces using,
respectively, 640 and 430 nm pulsed excitation.

Such long PL decays can occur when a center’s minority
carrier capture cross section is larger than its majority carrier
capture cross section. In this case, the center becomes less
effective as a Shockley-Read-Hall (SRH) recombination cen-
ter and more effective as a carrier trap. After a photo-
generation event, minority carriers rapidly fill the center.
Since recombination by the capture of majority carriers is a
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FIG. 1. TRPL traces shown for (a) undoped double heterostructures of several
different thicknesses and (b) 1 um thick samples of several different iodine
doping concentrations. Each solid line represents a modeled time dependence.
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slower process, the trapped carriers recombine at a relatively
low rate, either by majority carrier capture or by first escap-
ing through thermal emission. Those which escape thermally
are able to recombine radiatively with majority carriers, pro-
ducing the long PL signal.**2%%’

Given that the n-type materials in this study, shown in
Fig. 1(b), can also sometimes exhibit a long PL decay within
our measurement window, it is likely that there is a dominant
trapping center with a higher hole capture cross section.
Calculations undertaken by widely varied methods®*~" have
predicted that the Tecy antisite defect has a capture cross
section for holes about an order of magnitude higher than
that for electrons. Counterintuitively, the hole capture cross
section remains higher even as coulomb forces attract elec-
trons to the defect’s positive charge state, while there is no
corresponding negative charge state to attract holes.

We also note that in modeling layers with variable thick-
ness, the photon recycling effect should be taken into account:
photons released by radiative recombination are often re-
absorbed within the film, re-forming the photocarrier pair.*'?
The radiative recombination coefficient of CdTe material is
B*=1x10""" cm® s~'. This can be found from the Van
Roosbroeck-Shockley (VRS) relationship between absorption
and recombination™ by applying the absorption spectrum of
CdTe.>** While some experimental estimates of B* have
ranged an order of magnitude higher, recent studies analyzing
PL-I coupled with TRPL on undoped DH strongly supported
a lower value.’® Recently, a study of phosphorus doping in
bulk CdTe also strongly supported this value of B*.*

Recycling further slows the net rate of radiative recombi-
nation with increasing thickness (d), leading to an effective
radiative recombination coefficient of B = (1 — y)B*. The
thickness -dependent recycling factor y was obtained by an
optical modeling calculation which takes into account absorp-
tion and reflection.’” The spectral dependence of radiated PL,
indices of refraction, and absorption coefficients are included
for CdTe.*® Reflection from the InSb substrate can also be
included, though its effect is negligible. As a result, an effec-
tive radiative recombination coefficient of about 25% of B*
should be used in a 1 um thick CdTe heterostructure, as seen
in Fig. 2. Note that only using the peak value of PL in a sim-
plified calculation overestimates the recycling factor.

To model the effect of capture cross sections on TRPL,
we begin by defining the maximum carrier rates of capture
for holes in the case of entirely occupied traps,
1/1, = 0,vupN;, and for electrons in the case of entirely
empty traps, 1/t, = 6,vy,N;. For each carrier type, ¢ and vy,
are the capture cross section and the thermal velocity. The
TRPL trace may be viewed for simplicity as a three stage
process: an initial very brief (<10ns) drop in intensity is
often observed which is related to the diffusion of the photo-
carriers from their initial location, one absorption length
from the surface, to extend over the thickness of the hetero-
structure. In the second stage, the dominant cause of TRPL
decay is the rapid capture of the photo-generated holes dp by
traps, producing a decay rate of
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FIG. 2. The photon recycling factor for CdTe absorber layer as a function of
thickness. The factor is also shown with the approximation of monochro-
matic PL emission at 820 nm.

where F is the fraction of traps occupied with electrons. For
higher n-type doping, the radiative recombination rate R, =
Bnp becomes more dominant in the second stage, where B is
the effective radiative recombination coefficient, and the
electron and hole concentrations are n = Np and p. In that
case, the decay time would become

1
~ —Bn )
Tor

In the third stage, the PL signal is the result of holes
escaping thermally from the trapping center and recombining
directly with electrons. The decay rate is the result of a compe-
tition between the thermal emission of holes and non-radiative
electron capture. The hole emission rate of an unoccupied trap
is found from detailed balance considerations to be

1 o P1

- b
30 TNV

3)

where the trap energy E,, referenced to the valence band max-
imum, is included through the factor p; = Ny exp(—E,/kgT).
Similarly, ny = N¢exp(—(E, — E,)/kgT), where N¢ and Ny
are the conduction and valence band effective densities of
states. Meanwhile, the electron capture rate of an unoccupied
trap is
1 1 n

T3¢ Tn N t . (4)
Note that thermal emission is unlikely to create a detectable
extended third PL stage unless the hole emission rate 1/73,
is at least comparable to the non-radiative rate 1/73.. Hence,
a long secondary lifetime necessitates 1/73, > 1/73, or

TuP1 Z ’L'pl’l, (5)

which becomes a stringent requirement for more highly
doped samples, where n approaches 10'®cm . The most
highly doped sample, shown in Fig. 1(b), does exhibit all
three stages distinctly.
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We carried out a numerical model for the TRPL and PL-I
data in terms of trap parameters, as described in detail else-
where.'®* Essentially, the equations relating the carrier con-
centrations, occupation probabilities, and capture rates are
solved as a function of time after a pulsed excitation, or they
are solved in steady state with a constant excitation. The solu-
tions predict the dependence of radiative recombination
R, = Bnp on excitation and time. The trap parameters N;, E;,
0,, and g, are varied in a grid search method in order to
reduce the error, or root mean square difference between the
model and the data, for both TRPL and PL-I. For undoped
material, changing a parameter by a factor of two typically
results in the error increasing by more than a factor of three.
For the two most heavily doped samples, the error was not as
sensitive to the value of g,, which could be changed by an
order of magnitude for a similar threefold increase in error.

The modeling of the TRPL indicates that results from the
full range of doping and thickness can be explained by a dom-
inant trap with an energy of E,=0.3eV above the valence
band and a hole capture cross section of g, =4 x 10~'> cm?.
The remaining parameters are summarized in Table I, while
the model results are compared with the TRPL data in Fig. 1
and the PL-I data in Fig. 3. The trap density is expressed as
sheet density N;; = dN;. The observation that N, remains
constant over a wide range of thicknesses indicates the trap-
ping is occurring at an interface rather than representing bulk
recombination/trapping sites. The drop in g, at higher doping
densities is a consequence of screening that we will discuss in
Sec. III-B.

We can also use these trap parameters to roughly esti-
mate the TRPL results without numerical modeling. The
trace is approximated as a series of discrete stages occurring
in a homogeneous sample with both excitation and trap den-
sity uniformly distributed. The traps are situated lower in the
bandgap, and so we assume they begin as mostly occupied
so that F ~ 1. Such a multi-stage estimate ignores several
other effects which can only be included by numerical com-
putation, such as the rate of holes which are repeatedly emit-
ted and then recaptured by traps in the third stage, with the
capture rate given in Equation (1), and the fact that F is con-
tinually varying with time.

From Equation (1), we see that the undoped traces in Fig.
1(a) would have a second stage decay rate of 1/7,. = 1/7,,.
Using Table I, the thinnest undoped sample has a rate of

TABLE I. Parameters for the model results in Figs. 1 and 3. In all cases, the
trap energy is £,=0.3eV above the valence band maximum, and the hole
capture cross section is g, =4 x 10~'3 cm?. The absorber thickness is given
by d.

Np (cm™%) d (um) N, (cm™2) 7, (cm?)
0 5 2% 10" 3x 10716
0 2.5 1 x 10" 3x1071¢
0 1 1x 10 3x 10710
0 0.5 1x 10" 3x 10710
6x 10" 1 1 x 10" 3x 10716
7 % 10" 1 1% 10" 4x1071°
8 x 10'° 1 3 %10 6x10718
8 x 107 1 2% 101 1x107"
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FIG. 3. Ratio of PL intensity to laser excitation incident at the sample sur-
face (I), plotted as a function of the excitation, for (a) undoped double heter-
ostructures of several different thicknesses and (b) 1 um thick samples of
several different iodine doping concentrations. Each solid line represents a
modeled intensity dependence.

1/t, =N:6,vyy =2 x10"cm™) (4x 107" cm?) (10" cmy/s)
~ 8x 10% ™!, which is about the same as the slope in the first
200ns of TRPL data. In a similar way, the second stage life-
times seen on the TRPL traces in Fig. 1(a) can be estimated
by varying N;. In the third stage, electron capture is negligible,
resulting in the greatly decreased emission-based decay rate
of Equation (3).

For the doped samples, the second stage decay rate gains
the addition of BNp from Equation (2), in agreement with
the increased second stage slope for the highest doped sam-
ple in Figure 1(b). The final decay rate gains the addition of
the electron capture rate of Npo,vy, from Equation (4),
which is most significant for the samples doped at 7 x 10"
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and 8 x 10160m73, in agreement with the more rapid final
decay in those two samples. The electron capture rate is on
the order of 10”s™" for these two samples while the mea-
sured final decay is somewhat slower, suggesting that the
numerical solution is needed for a more quantitative agree-
ment. The final decay rate for the most heavily doped sam-
ple, at 8 x 107 cm ™2, is markedly slowed by the screening-
related reduction in g,,.

Finally, excitation pulses that are strong enough for the
number of photocarriers to exceed the number of traps
(d0p > FN,) will leave enough holes in the valence band to
render thermal trap escape an insignificant source of PL sig-
nal. This accounts for an observed quenching of the extended
decay within our measurement time window when the exci-
tation power was increased to 1 x 10" photons/cm® per
pulse. Thus in order to probe the minority carrier lifetime,
rather than the trapping phenomenon here, one must investi-
gate an injection regime high enough to quench the interface
traps and yet within the low injection range where the minor-
ity carrier lifetime retains its meaning.

B. Analysis of PL intensity

The PL intensity was also examined in steady state. In
Fig. 3, typical PL-I results show the normalized efficiency, or
the emission intensity divided by excitation intensity (/), as a
function of /. Higher doping concentration leads to generally
higher luminescence efficiency at lower excitation, as would
be expected from the dependence of the radiative recombina-
tion rate R, on carrier concentration. The rate scales with elec-
tron and hole concentration as R, = Bnp. The fact that PL
intensity does not degrade at the 10'® cm ™ iodine doping level
compares favorably with equivalent indium doping levels.”

With higher /, the contribution of radiative recombina-
tion increases and the radiative efficiency ultimately
approaches 100%. Note that the step-like relationship
between efficiency and [ decreases in magnitude with
increased doping. This relationship can provide information
on trap characteristics and even doping level. As mentioned
previously, the PL-I measurements can be explained using
the parameters found in Table I. Again, a single trap ade-
quately explains the observed behavior, as indicated by the
lines in Fig. 3.

We can quantify the magnitude of the step by finding
the maximum slope of the PL-I relationship, S,,. As we
will show, this gives an alternate, non-destructive technique
for estimating doping level. In doped material, we first note
that the radiative recombination rate is

R, = Bnp = BNpp. (6)
In steady state, the excitation rate is equal to the total recom-

bination rate, including the trap-related SRH contribution,*

np
I=Ry, =R+
e T(n+n) + t(p+p1)
N,

=~ BNpp + op %)

‘Cp(ND + I’l]) + tn(p "‘Pl) .

The slope on a log scale is therefore
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_dlog(R,/I) Ry dR,/dp B

S(p) = = 8
(P)="d10el) — R, dijdp ®
The maximum slope is found by solving
ds(p)
——=0 9
dp ; ©))
for p to obtain
Bu(Bu + 1)
ax — — 10
Pmax =~ (00 + %) (10)
where the dimensionless quantity
By = Bt,(Np + n1) + Bt,(p1), (11)

is defined. Finally, solving S(pmax) = Smax for By, we have

1

Bn —= Y7 a 1 o -
C T 4S8 (1 + Spuar)

12)

Taking the maximum PL-I slope (S,,,.) from each sam-
ple’s experimental data, B,, can be calculated. To derive
Smax In a robust way, the data may be put through a least
squares fit to an empirical sigmoidal function f(I) =
fo+a/[l +exp((lp —1I)/b)] with the free parameters fy, /o,
a, and b. After this, the maximum slope is easily obtained as
a/(4b). By estimating the carrier concentration n from Hall
effect measurements on identically doped samples grown on
CdTe (100) substrates, calculated values of B,, are found to
depend on n as shown in Fig. 4.

Fitting the data in Fig. 4 on a linear scale results in a
slope of 4 x 10~'® cm”. Based on the definition in Equation
(11), this slope is equal to Bt,, suggesting a value of 160ns
for 7,. While there can be little doubt that the density of unin-
tentional defects N;, and hence t,, will vary somewhat from
growth to growth, the TRPL results suggested a value within
a factor of two, or 7, = 250ns, for 1 um thick undoped layers.

The lifetime 7, is sufficiently constant that B, varies
approximately linearly with Np, even as low as Np
=10"°cm >, where Ohmic contact formation is very difficult.
Therefore, if a PL signal is strong enough that it is practical to
find the maximum slope in its excitation dependence (S,),
then the value of n may be found provided that the B, (n)
relationship is known, either by calibrating the relationship
through Hall effect measurements on several samples or by
knowledge of the dominant trap’s parameters obtained from
some other source, such as TRPL.

The linear scale offset of B,, is 0.1-0.2 in the limit of
Np = 0. The same value of B,, appears in samples that are
unintentionally doped. From Equation (11), we see that
Bt,p1 =0.1-0.2, since n; is negligible for trap energies near
the valence band. The product t,p; must therefore be less
than 5x 10°s cm™> for low doped samples. However,
extended PL decay with a doping density of 8 x 10'7cm ™
requires from Equation (5) that the product t,p; is greater
than 2 x 10'"'s cm ™2, at least for more heavily doped samples.

This factor of 40 discrepancy between the values of 7,p;
at heavy and light doping might at first suggest that a new set
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FIG. 4. The quantities B,,, calculated from the maximum slopes in Fig. 3,
are plotted vs. carrier concentration in DHs with 1 um (filled) and 2 yum
(empty) CdTeSe absorber layers.

of SRH centers, with different energies, cross sections, and
concentrations, is potentially being induced by iodine dop-
ing. However, the results throughout the range of doping
concentrations can be explained by a single center with a
variation in electron capture cross section with doping den-
sity. The capture cross section of an attractively charged trap
is expected to fall rapidly with carrier concentration as the
screening length drops under five times the effective Bohr
radius of a charged center.*” Given the electron effective
mass and dielectric constant in CdTe,*' the screening length
in nm is A=3.9 x 10°/n'/2, with n expressed in units of
cm >, while the effective Bohr radius is ap=5.9nm. This
implies a rapid reduction in electron capture cross section for
Np > 10160m73, which is consistent with the g, required to
fit the doped TRPL and PL-I data, as seen in Table L.

The energy and hole capture cross section values are com-
parable to the values of E;,=0.34eV and ¢, =8-10x 10~ "
cm?® which are often reported for hole traps in CdTe and
CdTeSe using current transient spectroscopy (CTS) techni-
ques.**** Some example theoretical predictions for the Tecq
defect were of E;=0.4eV, with g,=7X 107" cm? for
Tecq ", and 0, = 8 x 10~"> em? for Tecy 2%’ The theoretically
predicted asymmetry in cross sections is seen in this study,
although the cross section values are smaller than the predicted
values. The latter may be due in part to the coulomb repulsion
of the positive charge state, which was not considered for the
hole capture mechanism. In theoretical calculations, screening
would not cause much of a reduction in hole capture, since the
effective Bohr radius for holes is one order of magnitude
smaller, meaning that Np must be two orders of magnitude
greater for the screening to be as effective.

It remains uncertain if the trap seen in this study is
indeed the native defect Tecq or if other interfacial states are
responsible, there remains a long-standing tendency for non-
radiative recombination to be reduced in thicker heterostruc-
tures.’® The observation that the trap concentration is rela-
tively insensitive to thickness, when expressed as a sheet
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density as given in Table I, supports an interface-related
trap. It is also possible that native defects such as Tecq form
more often near interfaces.

IV. CONCLUSIONS

For well-passivated heterostructures, the carrier concen-
tration of a given film can be estimated in a non-destructive
way over a very wide range from an analysis of the depen-
dence of PL intensity upon excitation intensity, resulting in a
non-destructive and contactless method for determining car-
rier concentration.

Measured TRPL lifetimes, even during the rapid early
decay stages, often surpass the theoretical limit 7,,0 =
1/(BNp) for radiative recombination in material with a given
doping level, even with the more recent lower value of radia-
tive coefficient B accounted for. This is consistent with the
photon recycling effect, similar to what is observed for
doped GaAs/AlGaAs DHs, underscoring that once surface
recombination is controlled, the optoelectronic properties of
CdTe are comparable to those of GaAs. An accurate knowl-
edge of the photon recycling factor is also a requirement for
analyzing PL. measurements.

Measured TRPL lifetimes do not always easily yield the
minority carrier lifetime. The measured lifetimes in single
crystal material may be extended by a hole trap level with an
asymmetric capture cross section. Prior modeling calcula-
tions'® were based upon the industry standard assumption
that the capture cross sections are 10~'> cm? for holes and
1072 cm? for electrons.** However, the PL characteristics
appear to require a much smaller cross section for electrons,
and the further reduction of the cross section by screening
effects at higher doping levels. Both steady-state and tran-
sient PL. measurements can be adequately explained by a sin-
gle SRH center with an asymmetric capture cross section
consistent with that predicted for the native defect Tecy.
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