Journal of ELECTRONIC MATERIALS, Vol. 46, No. 9, 2017
DOLI: 10.1007/s11664-017-5588-4
© 2017 The Minerals, Metals & Materials Society

CrossMark

@

lodine Doping of CdTe and CdMgTe for Photovoltaic

Applications

0.S. OGEDENGRBE,* C.H. SWARTZ,' P.A.R.D. JAYATHILAKA,'
J.E. PETERSEN,! S. SOHAL,! E.G. LEBLANC,! M. EDIRISOORIYA,!
K.N. ZAUNBRECHER,? A. WANG,? T.M. BARNES,? and T.H. MYERS!

1.—Materials Science, Engineering, and Commercialization Program, 601 University Drive, Texas
State University, San Marcos, TX 78666, USA. 2.—National Renewable Energy Laboratory, 15013
Denver West Parkway MS RSF200, Golden, CO 80401, USA. 3.—EAG Laboratories, 810 Kifer
Road, Sunnyvale, CA 94086, USA. 4.—e-mail: 0s06@txstate.edu

Todine-doped CdTe and Cd;_,Mg,Te layers were grown by molecular beam
epitaxy. Secondary ion mass spectrometry characterization was used to
measure dopant concentration, while Hall measurement was used for deter-
mining carrier concentration. Photoluminescence intensity and time-resolved
photoluminescence techniques were used for optical characterization. Maxi-
mum n-type carrier concentrations of 7.4 x 10'® em® for CdTe and
3 x 1017 em 3 for CdgesMgo 35Te were achieved. Studies suggest that elec-
trically active doping with iodine is limited with dopant concentration much
above these values. Dopant activation of about 80% was observed in most of
the CdTe samples. The estimated activation energy is about 6 meV for CdTe
and the value for Cdg gsMgo 35Te is about 58 meV. Iodine-doped samples ex-
hibit long lifetimes with no evidence of photoluminescence degradation with
doping as high as 2 x 10'® cm 3, while indium shows substantial non-radia-
tive recombination at carrier concentrations above 5 x 10*® ¢cm 3. Iodine was
shown to be thermally stable in CdTe at temperatures up to 600°C. Results
suggest iodine may be a preferred n-type dopant compared to indium in
achieving heavily doped n-type CdTe.
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INTRODUCTION

CdTe is one of the leading materials used in thin
film photovoltaic (PV) devices due to some of its
basic properties such as its ability to permit both n-
and p-type doping, its relatively high absorption
coefficient for photons in the visible range, and its
direct band gap of 1.514 eV at room temperature,
which is near the optimal bandgap for solar energy
conversion. Despite the near optimal bandgap, the
highest power conversion efficiency in a CdTe solar
cell to date, achieved using polycrystalline CdTe,
stands at 21%.! This is far less than the Shockley—
Queisser limit, which is about 32% for a single-
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junction cell under AM 1.5 illumination condition.
Research efforts have shown that short circuit
current (J,.) is near its theoretical limit, implying
that strategies to improve cell efficiency will have to
be contingent on improving open-circuit voltage
(V,.) and fill factor.2 Heavy doping has the potential
to improve V.. There is also evidence that inclusion
of a Cd;_,Mg,Te barrier in a solar cell structure
may improve open circuit voltage, and, ultimately,
cell efficiency.®*

Indium (In) is typically the n-type dopant of
choice and appears to be viable for low doping
concentrations. CdTe-based solar cells, however,
typically rely on the n-side to be heavily doped® at
carrier concentrations which have been shown to be
problematic for doping with indium.® In addition,
indium is not an effective dopant in materials such
as CdMgTe which may be useful for heterojunction
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formation. The other n-type dopants that have been
used successfully in CdTe are chlorine (Cl), bromine
(Br), and iodine (I). Cl and Br appear to be very
similar in terms of maximum donor concentration
(Np <2 x 10" em™3)."®

I-doping of CdTe grown on (100)-oriented CdZnTe
by molecular beam epitaxy (MBE) has been reported
to have a doping concentration (Np) as high as
6.2 x 10" cm 2 and higher doping efficiency than
indium doping of CdTe.® Also, I-doping of CdTe using
conventional or metal-organic MBE of CdTe grown
on (100)-oriented CdTe and (211)B-oriented GaAs
substrates resulted in a N as high as 3 x 10'® cm 3.
Iodine-doped CdTe samples made with ethyliodide
yielded extremely bright excitonic photolumines-
cence (PL) at 300 K, suggesting that these samples
had fewer non-radiative defects.!® Thus, we have
investigated I as an n-type dopant for CdTe layers to
determine Np, the photocarrier lifetime 7, and pro-
cess compatibility in a typical PV device stack.

EXPERIMENT

A DCA Instruments eight-source MBE system
was used to grow iodine-doped CdTe and CdMgTe
layers. The MBE system maintains a typical base
pressure that ranges from 10! kPa to 10! kPa,
while the operational pressure ranges from
10 % kPa to 10 ! kPa. Iodine doping was carried
out with the use of Znl, as the solid source since
elemental halogens are not compatible with the
MBE process due to their high pressures, and Znl,
was more readily obtained in a high purity form. A
dual-zone low-temperature effusion cell was used
for the Znl, source, which is maintained at temper-
atures lower than 10°C when not in use to limit
sublimation and background I. Zn and I incorporate
separately,” and the concentration of iodine is
double the concentration of Zn in CdTe as verified
by SIMS measurement for a wide range of doping
flux. The highest atomic density for iodine incorpo-
ration in CdTe for this study is low 10 cm 3,
making the atomic density of Cd and Te to be
greater than iodine or Zn by at least a factor of 10%,
hence, the effect of Zn on the lattice parameter of
CdTe is insignificant. The purity of Znl, source
material is 5N, and other source materials have at
least 6N purity rating.

CdTe and CdgggZngosTe wafers used for this
study were purchased from JX Nippon Mining and
Metals USA. These wafers, which are 0.8 mm thick
and 10 mm x 10 mm in length and width, were
mounted on a 3-inch (c.7.6-cm) substrate holder
prior to the MBE growth. InSb wafers used in this
study were purchased from Wafer Technology. It
was determined that as-received CdTe and CdZnTe
substrates had near-surface damage in the top
10 ym of the substrate. Surface damage was
removed through an etch/polish process. The proce-
dure is carried out by first rinsing the as-received
substrates in TCE, acetone and methanol for 10 min

each, followed by a bromine-methanol etch
(0.5 vol.%) for 5 min. The substrates then under-
went a brief chemi-mechanical polish with a
bromine—methanol solution (0.02 vol.%) for 2 min.
The polished samples were then rinsed in methanol
solution for 2 min, then followed by a 5-min deion-
ized-water rinse and then blown dry with nitrogen.

CdTe films were grown on semi-insulating (100)
or (211) CdTe substrates, while Cd;_,Mg,Te films
were grown on semi-insulating (100) Cdg gsZng g4Te
which provided a closer lattice match. Mg in the
CdMgTe films was shielded against oxidation in the
air by growing a 10-nm cap layer of CdTe on the
CdMgTe layer. Double heterostructures (DH) of
CdTe with CdMgTe barriers were also grown on
(100) InSb substrates as described elsewhere.'! The
heterostructure formed by CdTe and CdMgTe pos-
sess a type-I band edge alignment. The wide band
gap Cd,_,Mg,Te barriers, which are made to confine
photocarriers and prevent rapid recombination at
the CdTe surface, have a thickness of 30 nm and a
composition of x ~ 0.35, as measured by spectro-
scopic ellipsometry.'> The substrate temperature
was maintained at 240°C during growth.

After growth, I-doped films of CdTe and CdMgTe
were electrically characterized by the Van der Pauw
Hall effect technique using a Physical Properties
Measurement System manufactured by Quantum
Design, with soldered indium as contacts. A few
samples were measured as a function of tempera-
ture (T) from 20 K to 300 K, and activation energy
analysis was carried out.'® Iodine incorporation was
measured at EAG Laboratories (San Jose, CA, USA)
with secondary ion mass szlpectrometrgr (SIMS). The
detection limit is 1 x 10'* atoms/cm®. Ion implant
standards were fabricated to allow accurate quan-
tification of I in CdTe. The CdTe, Cdg¢eZng o4Te,
and InSb substrates used in preparing the ion-
implanted standards and the substrates used for
MBE growth are from the same vendors and are of
similar dimension.

In the Cd,_,Mg,Te films, a linear relationship
was established between band gap (E,) and Mg
composition x through cathodoluminescence and
energy dispersive x-ray spectroscopy (EDS) mea-
surements on the same sample set, which is esti-
mated as E.x)=1.606x + 1.503 with estimated
uncertainty in x of £0.015. This relation is used to
estimate composition (x) of Mg in CdMgTe layers
with band-gap energy of the layer estimated
through a variable-angle spectroscopic ellipsometry
measurement analysis.!

The DHs were characterized optically. PL mea-
surements relative to excitation power were taken
using a x6.5 objective lens that focused a 514-nm
laser light to a 120-yum FWHM Gaussian spot size,
which is an approximate measurement of the beam
diameter. The resulting PL was collected and
focused on a photomultiplier tube while the absolute
excitation power was varied with neutral density
filters and measured with a calibrated power meter.
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The excitation was chosen to be 4.5 MW/m?. Time-
resolved photoluminescence (TRPL) was measured
by time-correlated single photon detection using a
430-nm pulsed laser, which focused on spot size of
about 800 ym to give an 1nJect10n level of
7 x 10° photons/cm?® for a pulse!® in systems
described elsewhere.

Thermal anneals were carried out in quartz
ampoules containing the samples and a small piece
of Cd which were sealed under vacuum. SIMS
measurements were carried out before and after
anneal to study distribution of iodine atoms after
anneal relative to iodine atoms’ position before
anneal.

RESULTS

In this study, heavily n- tyg)e CdTe with carrier
concentration up to 7.4 x 10'® cm 3 was eas11y and
reliably achieved with iodine as shown in Fig. 1.
Also shown in Fig. 1 are carrier concentrations
obtained for Cd;_,Mg,Te with x ~ 0.3-0.35. 1
appears to be a good dopant in Cd;_,Mg,Te with
reasonable activation for n up to about
3 x 1017 cm_3 at an I concentration of about

~10' ¢cm 3. This result suggest that compensation
may be occurrlng at iodine dopant concentratlon
above ~7 x 10 ¢cm 2 in CdTe and ~1 x 10*® cm 3
in Cd0_65MgO.35Te.

Based on calibrated SIMS measurements, the
typical iodine-doped CdTe sample had an activation
of greater than 80%. Consistent with this, temper-
ature-dependent Hall measurements, as shown in
Fig. 2, indicated a very low activation energy, less
than 10 meV The room temperature mobility was
800 cm? V! s71, consistent Wlth the highest values
reported elsewhere for n-CdTe.’® Carrier mob1hty
increased with decreasing temperature as shown in
Fig. 3. Also shown is the mobility for Cd,_,Mg,Te
which was observed to decrease with increasing x
value decreasing by a factor of 2 for x ~ 0.3 and then
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Fig. 1. Electron carrier concentration at 300 K versus calibrated
SIMS iodine concentration for iodine-doped CdTe and Cd4_,Mg,Te,
illustrating the high level of activation and wide range of electron
concentration.
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falling precipitously to a room-temperature value of
38 cm”® V's 'atx ~ 0.35.

The activation energy of iodine in Cd;_,Mg,Te
was determined by fitting the data to the charge
balance equation (shown as lines in Fig. 2) and the
resulting values are presented in Table I. Activation
energy increases with increasing x value. The
current data suggest a small increase in activation
energy with increasing x up to x ~ 0.3, roughly
2.3 meV for every 0.05 in x. Above this value of «x,
the activation energy increased dramatically. The
phenomenon underlying the rapid change in elec-
trical properties around x ~ 0.35 is not clear and
cannot be determined from our limited sample set.
Fischer et al. Ref. 16 postulate the presence of a
deep donor state for halogen doping, which is
pushed into the bandgap with increasing x. Their
results indicate a rapid decrease in activation occurs
for Cl at x ~ 0.15 and for Br at x ~ 0.25-0.30. While
their data did not indicate a similar feature related
to I for their samples with x estimated to be
comparable to 0.35, there are likely differences
between their x-determination and ours and it is
possible we are at an x-value which allows observa-
tion of this phenomenon for I.

We note that the Cdg e5sMgo 35Te sample with
n~3x 10" cm 3 had an iodine concentration of
6 x 10'% em 3, which 1m€11es that the free carrier
concentration of 3 x 10* at room tempera-
ture is consistent with the 58 meV activation energy
and the decrease is not due to compensation. Little
temperature dependence was observed for n-type
carrier concentration in CdMgTe at doping concen-
trations above 5 x 10'® cm™°. Similar observation
was made in iodine-doped CdTe where little tem-
perature dependence was observed for doping con-
centration above 1 x 107 cm™

We have also produced DHs with variable n- type
iodine doping. The appropriate relationship'* for
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Fig. 2. Temperature dependence of carrier concentration with |
concentrations at ~1.1+0.5x 107 cm™ in CdTe and
Cd,y_,Mg,Te.
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Fig. 3. Temperature dependence of mobility with | concentrations at
~1.1 £ 0.5 x 10" cm™2 in CdTe and Cd;_,Mg,Te.

low-injection TRPL lifetimes in the case of doping is
as follows:

1 1 N 1 N 28 (1)
Teff Trad TSRH @

where S is the surface recombination velocity (SRV)

and d is absorber thickness. The lifetime due to

capture by recombination centers is given as tsgry.

The radiative lifetime is given by

_1
Biaane

Trad = (2)
where n is the carrier concentration and B,.q is the
radiative parameter. Previous studies analyzing the
PL dependence on excitation intensity coupled with
TRPL on undoPed DHs strongly support a value of
Biaa =1 x 1071 cm?® s71, which is consistent with
the Van Roosbroeck—Shockley relatlonshlp between
absorption and recombination!” which yields a
similar value obtained solely from literature values
of the absorption spectrum of CdTe.'® The param-
eter ¢ is the photon recycling factor, which recog-
nizes that, in high-quality material, especially in a
thick DH configuration, photons emitted in the
radiative recombination process can be reabsorbed
to create another electron—hole pair, effectively
recycling the original pair.'® It is equal to the
probability that a given radiative recombination
event’s photon is not absorbed to form a new pair.
Figure 4 contains a plot of the TRPL lifetimes
measured for three iodine doping concentrations at
various absorber thicknesses in CdTe/
Cdg e5sMgo 35Te DHs. Based on prior work carried
out by this group, a similar CdMgTe barrier com-
position resulted in a SRV of 160 cm s~ ! with
nominally undoped absorber material.?° The gray
line in the graph illustrates the expected upper limit
on TRPL lifetime expected due to surface

Table I. Activation energies of iodine in
Cd,_.Mg,Te at different Mg composition

Mg composition x in Cd,_,Mg,Te E, (meV)
0 6
0.25 17
0.30 20
0.35 58

recombination based on this value. From the results
for TRPL shown, it is clear that several values
exceed this 11m1t suggesting that SRV in these
doped samples is actually less than 160 cm s~ ! and
on the order 25cm s ' or less. The radiative
lifetimes are also indicated for a given doping
concentration, assuming photon recoychng is not
present (¢ ~ 1) and Byag=1 x 107 em® s71, are
shown along with the TRPL measured for the
associated d0§1 concentration. The
n~1x10%c¢ DHs seem to be reasonably
explained Wlthout invoking photon recycling. In
contrast, the majority of the TRPL lifetimes mea-
sured for then ~ 1 x 10" em 2 and 1 x 10® cm ™3
DHs exceed the radiative limit by factors of 3-6,
suggesting that recycling is a significant factor. This
effect is consistent with what is observed for doped
GaAs/AlGaAs DHs, underscoring that, once surface
recombination is controlled, the electronic proper-
ties of CdTe are comparable to those of GaAs, with
the potential benefits of a slightly lower radiative
recombination parameter. In addition to the long
lifetimes shown in these iodine-doped samples,
there is no ev1dence of PL degradation with doping
as high as 2 x 10® em ™ (the highest in a DH
grown to date) as shown in Fig. 5.
High-temperature processing under cadmium
ambient is needed for activation of As and P, which
are being cons1dered for the p-type side of a CdTe-
based solar cell.?! Therefore, iodine-doped CdTe was
annealed at 500°C for 12 h and at 600°C for 24 h in
sealed ampoules under Cd overpressure to evaluate
the process compatibility of iodine as a dopant in
MBE-grown CdTe. The results of these thermal
anneals, as shown in Fig. 6, indicate that there is
little change in the concentration—depth profile of
the annealed samples when compared to that of the
as-grown samples, which are pieces from the same
epilayer. The profile obtained at 500°C was indis-
tinguishable from the as-grown within measure-
ment error, while there was a small amount of
observable diffusion for the 600°C, 24 h anneal.
This result suggests that iodine is not a fast-
diffusing dopant in epitaxial CdTe. The thermal
stability result reported here by our group is
consistent with the result obtained in iodine-doped
HgCdTe grown by MOCVD?*? and by MOVPE 2324
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Fig. 5. PL intensity versus iodine concentration in iodine-doped
CdTe/CdMgTe DHs at various doping concentrations.

Further investigation was carried out to test the
thermal stability behavior of iodine in a p—n epitax-
ial structure by using a sample that consisted of
iodine-doped CdTe steps in a uniformly As-doped
CdTe layer. The sample was annealed at 600°C for
24 h under Cd overpressure. SIMS profiles from as-
grown and annealed samples, which are pieces from
the same epilayer, are shown in Fig. 7. These also
suggest that redistribution of iodine atoms after this
anneal is small. Several features are noticeable in
the profiles shown in Fig. 7. First, as in the layer
without As, I diffusion is small for the 600°C, 24-h
anneal, suggesting doping levels of As do not affect
the I diffusion. Second, the As does not segregate
due to the presence of 1. Finally, surface accumula-
tion of iodine atoms during the growth of iodine-
doped CdTe was noticed in some sample profiles.
This surface accumulation was accentuated during
As co-doping, as shown by the non-step-like I
profiles, yet iodine remains stable to diffusion at
anneal temperatures up to 600°C. Modeling the
slight differences between as-grown and the 600°C,
24-h annealed samples for both sets indicates an I

Wang, Barnes, and Myers
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Fig. 6. SIMS profile of an as-grown and an annealed iodine step-
doped CdTe sample.
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Fig. 7. SIMS profile of an as-grown and an annealed iodine step-
doped CdTe:As sample.

diffusion coefficient of 3-7 x 107 em? s ! at
600°C.

CONCLUSIONS

Heavy doping of CdTe can be achieved with iodine
without degrading important properties for photo-
voltaic applications. The n-type doping of CdTe can
be accomplished with iodine up to nearly 10 ecm 3.
It might be possible to achieve a slightly hlgher
maximum doping concentration, but the effect of
doping concentration limiting mechamsms become
apparent at concentrations above 2 x 10'® cm 3.
Doped DHs have a lifetime well in excess of the
radiative lifetime due to the photon recycling effect.
This is consistent with what is observed for doped
GaAs/AlGaAs DHs, underscoring that, once surface
recombination is controlled, the electronic proper-
ties of CdTe are comparable to those of GaAs, with
the potential benefits of a slightly lower radiative
recombination parameter and a higher tolerance to
dislocations.
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These iodine-doped samples show long lifetimes
with evidence of photon recycling effects and no
evidence of PL degradation, in contrast to indium-
doped material, which exhibits significant non-
radiative recombination at a carrier concentration
above 5 x 10'® cm 3.° Thermal anneal studies of
some of these samples suggest that iodine is
stable against redistribution at temperatures up to
600°C under Cd overpressure condition. Iodine will
not likely diffuse across p—n junction in devices,
unlike indium which has been reported to do so
more quickly.?® This result, coupled with the longer
lifetimes observed for I-doping compared to equiv-
alent In-doping concentration, suggest that iodine
may be the preferred dopant when compared with
indium.

CdMgTe alloy has been doped with similar suc-
cess, exhibiting a donor activation energy (E,)
ranging from 17 meV for x ~ 0.25 to about 58 meV
for x ~ 0.35. Iodine has been shown to have signif-
icant advantages as a dopant of choice for highly
n-type doped CdTe.
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