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ABSTRACT

In state-of-the art polycrystalline CdTe photovoltaics, group-V dopant activation is about 2%. Low activation can create electronic defects
and lead to recombination and band tail losses. To develop methods to overcome this limitation, dopant activation was systematically inves-
tigated using molecular beam epitaxy (MBE) grown single crystal bilayers of As-doped CdTe on undoped CdTe. Results suggest multiple
paths for improved As-activation in polycrystalline CdTe-based devices. It was found that the carrier concentration in this MBE material sat-

urated at ~3 x 10" cm™>, with high levels (>50%) of As-activation possible. High activation could be achieved with a post-growth activation §
temperature of ~450 °C, when the initial doping level was below the saturation level. However, at typical polycrystalline As incorporation =
levels (>5x 10'® cm™), the excess As is inactive or compensating, requiring elevated temperatures (500-600 °C) to achieve high activation. 3
Oxygen in the annealing ambient was detrimental, while the effect of CdCl, in the ambient is more case-dependent. A 575 °C activation g
anneal was combined with a 450 °C CdCl, treatment to better understand the implications for polycrystalline CdTe. Interestingly, on highly 2
doped samples, processes ending with a high temperature step displayed high activation, while those ending at 450 °C significantly reduced &
the carrier concentration (with or without CdCl, in the ambient). Low activation can be restored with another high temperature anneal,
allowing reproducible toggling between high and low activation based on the final temperature. Photoluminescence revealed the presence of
donor-acceptor pairs in the low activation state that appear to be associated with a compensating defect.
© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0246994
I. INTRODUCTION which limit stable carrier concentrations to ~10"*cm™.""" Seeing
Due to its low manufacturing cost, demonstrated scalability, that performance‘ stalled in Cu-doped devif:es, modeling.has shovxfn
low environmental impact, and high efficiency, polycrystalline @ pa}th to Voc improvements throggh mmultaneogs Increase 1n
cadmium telluride (CdTe) based photovoltaics are the leading thin- carrier concentrations and lifetimes.” To address this issue, there
film technology." CdTe also has a higher theoretical efficiency than has been a shift to group-V doping (As, P, Sb). Single crystal CdTe
silicon, but harnessing its full potential remains elusive.” To date, model systems have already demonstrated promising results with
CdTe efficiency improvements have mostly come from short circuit ~ group-V doping, with bulk single crystal devices having achieved
current density (Jsc) improvements, with the best devices already 1V Voe, and both bulk and epitaxial group-V doped single crystals
achieving values >95% of the theoretical limit.” In order to con- exhibiting high carrier concentrations.'’™"*
tinue to push efficiencies, open circuit voltage (Voc) must be While the 1V p-type doped device used phosphorus, per-
improved, which still remains ~900 mV in record polycrystalline ceived challenges related to manufacturability have led most poly-
devices.™ Effective p-type doping continues to be a persistent chal- crystalline work to focus on arsenic as a group-V p-type dopant. In
lenge. Historically, CdTe has been Cu-doped, but with this doping 2023, after years effort, As-doping in polycrystalline thin-film
scheme there are self-compensation and stability concerns, due to devices progressed past what was capable with Cu-doping."
the formation of compensating Cu; defects and Cu-Cl complexes, However this record polycrystalline CdTe-based cell still only had
J. Appl. Phys. 137, 115702 (2025); doi: 10.1063/5.0246994 137, 115702-1
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~900 mV and 2-3% As-doping activation.'* The authors identified
improving activation as a pathway to 25% efficiency.'* Un-activated
As may act as a deep defect contributing to lowered carrier life-
times, neutral defects, and/or shallow compensating donors leading
to higher electronic disorder; electronic disorder from low activa-
tion at high carrier concentrations may contribute as much as
~100mV in Vo losses, when assuming a carrier concentration of
2x10"®cm™ and 1% dopant activation.'>'® This voltage loss value
assumes all As that are not on Te sites are adverse; at this same
carrier concentration level with 30% dopant activation, the Voc
losses are predicted to be only ~10 mV.'® By maximizing dopant
activation, performance losses from recombination and/or band
tails can be minimized. One major difference between single crystal
and polycrystalline activation processes is that polycrystalline
dopant activation requires CdCl, treatments, whereas single crystal
CdTe requires only a purely thermal activation process.'"”'* The
CdCl, process is critical to produce reasonably functional polycrys-
talline CdTe devices. CdCl, passivates defects'’ ™"’ and facilitates
larger grains through recrystallization,'””” which also helps remove
stacking faults within the CdTe grains.”' However, this process
introduces high levels of Cl into the material, which could be com-
pensating by acting as an n-type dopant as Cly, defects.

Understanding what limits As-activation in polycrystalline
CdTe is key to improving efficiency. In this study, we return to
single crystal CdTe in order to determine the limits of As-activation
with the intention to use single crystals to distinguish necessary
from sufficient activation conditions to ultimately inform the
process constraints for polycrystalline devices. By utilizing a single
crystal model system, we remove the added complications of grain
boundaries and can fundamentally study which parameters restrict
dopant activation on material capable of high activation. Using
As-doped single crystal samples as a framework, we demonstrate
the role of temperature and the chemical As-concentration on
dopant activation. Additionally, we explore the anneal ambient and
role of CdCl, in activation. Last we investigated different heating
profiles to find this also plays a surprising part in dopant activation.
By using single crystal CdTe, we can gain insight into the
As-activation process in CdTe and begin to isolate, where activation
losses are occurring between single crystal and polycrystalline
material.

Il. EXPERIMENTAL
A. Sample fabrication

The single crystal samples for this study were grown via
molecular beam epitaxy (MBE) in a Veeco Gen930 system on 3 in.
Si (211) substrates [Fig. 1(a)], utilizing a process described in the
work of Chen et al.” Initially an As monolayer was deposited, then
followed by a thin ZnTe layer to mitigate dislocation formation in
the CdTe layer due to the lattice mismatch between the CdTe and
Si, and ensure CdTe (211) growth orientation.” Next, 5um of
undoped CdTe was deposited followed by 3 um (L,) of As-doped
CdTe. This last layer is deposited with a Cd overpressure, periodic
Te overpressure anneals, and As dimers (cracked from tetramers).
Details on sample fabrication are discussed further in the work of
Lott et al.”* This structure is analogous to some typical polycrystal-
line As-doped CdTe-based devices [Fig. 1(b)], which also have an
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FIG. 1. Cartoon of the epitaxial single crystal As-doped CdTe sample stack
deposited on the (211) silicon substrate (a) compared to an As-doped polycrys-
talline device stack (b). L, refers to the initial doped thickness, and L is the var-
iable As diffusion length due to activation anneals. These schematics are not to
scale.

undoped region preceding the ~3 um doped CdTe; however, the
undoped region is much thinner at ~0.5 um and is typically alloyed
with Se to improve passivation and enable higher J,. due to a
slightly lower bandgap than CdTe alone.>®*” The main reason for
the bilayer structure in this work was to help ensure high crystallin-
ity; however, it had the added benefit to allow for low chemical
incorporation levels of arsenic, which can be difficult to control
experimentally. This was done by relying on diffusion into the
undoped region during subsequent thermal processing to lower the
average As concentration.

B. Activation methods

Post deposition, samples were typically cleaved into approxi-
mately 1cm by 1cm pieces and activated via rapid thermal pro-
cessing (RTP) and/or close-space sublimation (CSS) at 400-650 °C
for a variety of times. The RTP system was a ULVAC-RIKO
MILA-3000 mini-lamp annealer and allowed for anneals at atmo-
spheric pressure. Activation anneals were also performed in
NREL’s custom-built CSS system to allow for CdCl, treatments of
the MBE samples. For the anneals in this study, CSS processing
was done at 400 Torr. CdCl, was introduced into the ambient
through solution processed “source plates” (glass plates coated with
CdCl, from a methanol solution) in the CSS setup. To accommo-
date the small size of the MBE samples, these samples were config-
ured so that the entirety of the sample was processed; the source
plate (CdCl,) was suspended over the film side up MBE-grown
CdTe sample using quartz spacers, rather than having the sample
suspended over the source material, which prevents the edges/
corners of the sample from being exposed to the source material.
Additionally, the CdCl, source (in contact with a top graphite
plate) was held 5°C lower in temperature than the sample (in
contact with a bottom graphite plate), to prevent CdCl, deposition
during the anneal. The anneal setup in the CSS differs from the
RTP setup, since there is a single intended temperature throughout
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the system, and the samples were processed film-side down (in
close contact with the temperature-controlled Si susceptor).
Diagrams of the different annealing configurations are provided in
Fig. S1 in the supplementary material.

In the CSS system, samples were processed with and without
CdCl,, using three main processes. These processes were performed
at 450 °C for 60 min. The first process utilized a helium ambient to
test the typical ambient for Cu-doped polycrystalline CdTe on
As-doped MBE samples.”® The second process is the same as the
first, but with 20% O, in the ambient, to test the high-level effect of
oxygen in As-activation. The oxygen level of 20% was selected
because historic CdCl, treatments used this partial pressure of
oxygen because this percentage is similar to the level of O, in air,
where previous CdCl, have also been done.””** The third process
was a proprietary method developed at NREL, in collaboration
with First Solar, for As-doped polycrystalline CdTe absorbers.
From herein out, the different CdCl, processes will be referred to
as “Process 1,” “Process 1 w/O,,” and “Process 2,” respectively.

C. Characterization methods

After post-deposition processing, Hall effect measurements
were used to determine the carrier concentration. These measure-
ments were performed using an Accent HL5500PC in a standard
Van der Pauw configuration at room temperature. In most cases,
carbon aquadag paste (manufacturer: Henkel Adhesives, supplier:
ChemPoint, P/N: 0136251) contacts were sufficient to take mea-
surements, however when the contact resistances hindered mea-
surements, AuCl; (supplier: Aldrich Chemical Company, P/N:
379948-1g): H,O =1:10 (by weight), or evaporated Au were used
for contacts. Additionally, to improve contact resistances, a 0.1%
Br-MeOH solution was applied to some samples at just the corners
of samples for ~15s to remove surface contamination before a
contact was applied.”” Changing the contact type, as well as etching
the corners was not found to significantly change carrier concen-
trations but rather allowed for more confidence in the measure-
ments when resistances were quite high. Initial Hall measurements
were done assuming a fixed doped thickness of Lo~ 3um,
which corresponds to the as-deposited doped thickness [depicted
in Fig. 1(a)].

In addition to carrier concentration, elemental depth profiles
were performed to determine As diffusion after different activation
processes, and to study Cl variation with the different CdCl, treat-
ments. This was accomplished using a Cameca IMS 7F dynamic
secondary ion mass spectrometry (D-SIMS) system located at
NREL. Photoluminescence (PL) emission spectroscopy was also
performed to further characterize samples. Spectra were measured
with an excitation at 632.8 nm (He-Ne laser) using a 300 mm
grating spectrometer and Pixis F100 camera (Princeton
Instruments). Spectral response was calibrated by placing a
manufacturer-provided QTH calibration source at the sample posi-
tion. Sample was cooled with a closed-loop He cryostat.

D. Accounting for diffusion

The doped region in the as-fabricated samples has Ly ~ 3 um;
however, it is important to note that As diffuses into the 5um
undoped CdTe layer and potentially out of the surface during
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annealing (discussed in more detail at the end of Sec. III A). This
As diffusion changes the “doped layer,” defined here as the region
with As concentration above the SIMS detection and background
levels (~0.5-1 x 10'® cm™), in two ways: (1) it increases the doped
thickness and (2) it decreases the average concentration of As. To
report more accurate carrier concentrations and activations, we
scale the carrier concentration reported from the Hall effect system
by increasing the doped film thickness by the diffusion length or
Lp, (refer to the supplemental for more details on how the tempera-
ture dependent diffusion coefficient was calculated for these
samples, and how it was used to estimate Lp, for specific annealing
conditions). The diffusion-corrected carrier concentration was cal-
culated by multiplying the measured carrier concentration from the
Hall effect system and scaling factor Ly/(Lo + Lp). Likewise, the
average As concentration was estimated in a similar fashion by
taking the initial doping level and multiplying by the same factor.
Given that the temperature dependent diffusion coefficient was cal-
culated using a limited number of D-SIMS profiles, there is some
uncertainty with the accuracy of even the corrected values. Finally,
the degree of arsenic activation was defined by the ratio of the
diffusion-corrected Hall effect carrier concentration (which does
not distinguish which defects contribute to the net carrier concen-
tration) to the diffusion-corrected As concentration (chemical
incorporation). This method for calculating activation is simplified,
as it does not account for the variation in As concentration with
depth or As out diffusion, but allows for trends to be observed with
a rough average rather than an absolute activation level.
Additionally, this method assumes that the dominant contributor
to carrier concentration is As.

I1l. RESULTS AND DISCUSSION
A. Temperature

Figure 2 shows the diffusion-corrected carrier concentration
results for MBE samples with three different initial As incorpora-
tion levels. These samples were annealed in the RTP from tempera-
tures varying from 400 to 600 °C at a fixed time of t =10 min, with
an Ar flow of 17.5 SLM. After a minimum threshold time, the
carrier concentration quickly saturates, with little difference over 2-
15 min anneals at a fixed temperature of 575 °C in the RTP (Fig. S4
in the supplementary material). For the two samples with higher
chemical incorporation levels, the carrier concentration increases
exponentially with an apparent activation energy of 0.93 +0.18 eV
until around 500 °C and then plateaus as it reaches ~3 x 10'® cm™.
From 500 to 575°C, the average carrier concentrations at each
Tanneal are quite similar but are slightly higher at 575 °C. At anneal
temperature T,,nea = 600 °C, the carrier concentration appears to
decline, which may be associated with out diffusion and loss of As
(discussed in more detail below) or potential sample degradation
due to loss of the film. For these reasons, T,ynea=575°C was
selected as the best-known method (BKM) for activation. Most
interestingly, the results were nominally identical for the two
samples with starting As concentration >5x10'°cm™ in the
doped layer. This suggests that ~3-4x10'® is the maximum
achievable carrier concentration in this MBE-grown material. In
contrast, the carrier concentration of samples with an initial As
level of ~1 x 10" cm™ reached ~6 x 10" cm™ at Typea = 450 °C
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FIG. 2. Arrhenius plot of diffusion-corrected carrier concentration of MBE
samples activated under Ar for 10 min with initial average As concentrations of
2x10"cm™ (blue circles), 5x10"®cm™ (yellow inverted triangles), and
1x10" cm™ (green diamonds).

and then appears to gradually decrease. In this case, doping was
most likely limited by the level of As incorporation, and the decline
could be attributed to diffusion that reduced the total amount of
As in the doped region below the carrier concentration saturation
limit of these samples.

To understand arsenic activation, we employed the diffusion
corrections discussed above to calculate activation ratios.
Figure 3(a) plots the estimated diffusion length, average arsenic
concentration, and activation percentage as a function of RTP
temperature for the samples with an initial As concentration of
2x10"7 cm™. Since the diffusion length increases exponentially
with temperature, by T,nnea ~ 600 °C arsenic is effectively diffused
throughout the sample. This diffusion should reduce the average
concentration to ~9 x 10’ cm™. The combination of decreasing
average arsenic concentration with saturation in carrier concentra-
tion (Fig. 2) leads to the exponential increase in activation, exceed-
ing 35% at the optimal temperature of T,nnea =575 °C. Similar
behavior was observed for the sample with lower initial As concen-
tration levels (Fig. S6 in the supplementary material).

Figure 3(b) plots diffusion-corrected carrier concentration
versus average [As] for the three sets of samples. Various activation
levels are indicated by the diagonal isopleths. For the lowest incor-
poration level (1 x 10'° cm™), the activation level was consistently
between 50% and 100%, even when including data activated at tem-
peratures less than 500 °C. This result was also simulated in the
work of Krasikov and Sankin, where they suggested that lower As
concentrations will yield higher activation ratios across a wider
range of temperatures, whereas [As] >10'® cm™ has a greater tem-
perature dependence for activation.’’ Activation levels between
50% and 100% were also observed for the samples with moderate
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incorporation (5% 10" cm™) for T,ynea > 500°C. Note that the
significant scatter and activation levels >100% are not physical, but
a reflection of the estimations employed. At the highest incorpora-
tion level (2 x 10" ¢cm™>), the samples annealed at Tyupeal > 500 °C
saturate at activation levels between 10% and 50%. The observed
behavior is consistent with the observations of Nagaoka et al., who
studied the activation of group-V dopants in bulk single crystal
CdTe. In that work, the carrier concentration saturated at
~10"7 cm™ and increasing initial concentration beyond this point
only lowered activation below ~50%.'' The lower saturation value
of 3x10'®cm™ observed in this work may be a function of fabri-
cation differences between these two studies. In the Nagaoka work,
bulk single crystals were employed, while in this study, heteroepi-
taxial thin-film single crystals were tested.

The average [As] calculated earlier in this section assumes that
all the initial As remains within the sample when diffusion occurs;
however, this may not be true, particularly in samples with high
initial loading and processed at high temperature. Figure 4 com-
pares As depth profiles from samples with an initial As incorpora-
tion of 2x 10" cm™ after annealing at 450°C for 60 min and
575°C for 10 min (BKM). The sample annealed at 450 °C experi-
enced negligible diffusion, with a profile similar to the as-deposited
stack having an average As concentration of 2x 10" cm™ for
~3um and then falling sharply. In the sample annealed at 575°C
arsenic diffused throughout the stack, with a nearly constant con-
centration of ~5x10"cm™ over a doped thickness of ~6um.
While the observed diffusion length matches what is predicted in
Fig. 3(a) for a BKM treated sample, the average As concentration
from the D-SIMS profile is around half the anticipated average As
concentration of ~1x 10" cm™. This suggests As is being lost
during high temperature activation anneals, potentially due to dif-
fusion and/or vaporization out of the sample. This indicates that
the average As concentrations are overestimated, and therefore the
activations presented in this section are generally expected to be
underestimated. In reality, activation of samples with As incorpora-
tions of ~2x 10" treated with the BKM condition based on
D-SIMS is closer to 50%, consistent with the level observed in
samples with a lower initial loading.

B. Ambient and CdCl,

For the following analysis, MBE samples with an initial [As]
of 2x 10" cm™ were used, even though the lower incorporation
level samples had higher activations, to more closely match the
[As] found in polycrystalline CdTe-based devices. Polycrystalline
devices have shown [As] of ~1x 10" cm™."* Several inert ambi-
ents (N,, He, Ar) were examined and found to have a negligible
impact on activation in both the RTP and CSS systems (Fig. S7 in
the supplementary material). To understand how this work might
translate to polycrystalline CdTe device performance, CdCl, was
introduced during activation anneals. High initial [As] MBE
samples were processed in the CSS system with and without CdCl,
source plates at 450°C for 60 min (six times longer than the
thermal-only activations of Fig. 2). The no CdCl, source plate con-
ditions were performed to highlight effects from the annealing
process alone, rather than the introduction of Cl. Figure 5 com-
pares these results. “Process 1”7 reflects the CdCl, treatment
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Diffusion-corrected carrier concentration versus predicted As concentration with isopleths of fixed activation percentages. Samples processed at temperatures <500 °C for
the 5 x 10" cm™ and the 2 x 10" cm™ cases were omitted to highlight the role of [As] rather than temperature.

typically used for Cu-doped polycrystalline CdTe-based devices,
which utilizes a helium ambient. Under these conditions, similar
carrier concentrations and degree of As-activation were observed
with or without the CdCl,. Note that the activation level is only
~15% instead of the achievable ~50% because at 450 °C there is
limited diffusion, and the activation is limited by the excess As.
The addition of oxygen in the ambient was detrimental, regardless
of whether CdCl, was present. “Process 2” is a proprietary CdCl,
treatment that has been used to achieve ~1-2% activation in poly-
crystalline As-doped CdTe-based devices.”” “Process 17 and all
other activation methods produced negligible activation (<0.1%) in
polycrystalline materials. In the absence of CdCl, “Process 2” pro-
duced carrier concentrations and activation levels similar to inert
environments for the MBE material. However, in the presence of
CdCl,, “Process 2” produced about an order of magnitude lower
carrier concentrations and lower activation. Perhaps coincidently,
this low activation level is similar to the activation level found in
polycrystalline As-doped CdTe devices of ~1-2%."“"”

To better understand the potential role(s) of CdCl,, D-SIMS
was done on “Process 17 samples conducted at varying conditions
and a “Process 2” sample treated with CdCl, at 450 °C for 60 min
(Table I). Figure 6 displays Cl and As depth profiles for these
samples. In the case of Cl, significant variation in background signal
precludes absolute quantification, so all traces are normalized with
respect to their background level. First, processes 1 and 2 are com-
pared at Tynnea =450 °C and t =60 min, which had very high and
very low carrier concentration, respectively. Both samples displayed
nominally identical As profiles, with negligible diffusion and the As
restricted to the initial 3 um region. However, the degree of Cl pene-
tration was significantly greater in the case of “Process 2,” suggesting
that the process enhanced Cl diffusion, which appears to be a

contributor to the lower carrier concentration achieved in “Process
2.7 This highlights a critical difference between polycrystalline and _
single crystal CdTe. Chlorine, although essential for achieving high $
quality polycrystalline material, appears to compensate As-activation
in single crystal material. Note that this comparison is for high initial
loading As samples (2 x10'), and the behavior may be different
when As is reduced to levels closer to the doping limit.

For “Process 1” two samples with different temperature/time
profiles (480 °C, 60 min and 525 °C, 5 min) were generated to have
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three different CdCl, treatment in the CSS system, with and without the CdCl, source plate. “Process 1” is a He ambient, while “Process 2" is a proprietary process that

has been used to activate polycrystalline CdTe:As.

similar As diffusion profiles—this also resulted in similar Cl diffu-
sion profiles (Fig. 6). At 525 °C, Cl and As diffusion is much faster,
so in order to match these profile to the 480 °C, 60 min CdCl,
anneal, a much shorter time of 5 min was required. The goal was to
try to decouple the roles of chlorine and temperature. Despite
exhibiting similar composition profiles, their carrier concentrations
differed by an order of magnitude. This suggests that Cl penetration
is not the only consideration and highlights the additional import
of temperature. The T,ypea > 500 °C processing may offset the com-
pensating effects of Cl with a greater amount of activated As con-
tributing to the carrier concentration. Future studies are planned to
tease out the relation of Cl and As diffusion together with tempera-
ture on activation. From the data we currently have, Cl limited to
the surface (<500 nm) does not appear to disrupt carrier activation.
Translating this to polycrystalline devices, to ensure high activa-
tion/minimize compensation while retaining the benefits of CdCl,,
processes may need to be optimized to limit Cl to the grain bound-
aries. This could potentially be done by a multi-step activation
process, by combining more aggressive high temperature anneals
for dopant activation, with a more gentle, lower temperature CdCl,
treatment to prevent significant Cl diffusion into the grain interior.
These single crystal samples can be viewed as analogous to individ-
ual grains within a polycrystalline device with regard to Cl, so lim-
iting Cl to the surface is essentially limiting Cl to the grain
boundaries. In this location, where it will not be significantly incor-
porated into the bulk of the grain, the Cl may not be acting as the

TABLE . Diffusion-corrected carrier concentrations for the various CdCly
treatments.

Process Temperature (°C) Time (min) Carrier conc. (cm™>)
Process 2 450 60 8.40 x 10
Process 1 450 60 2.42x10%
Process 1 480 60 2.71x 10"
Process 1 525 5 2.63x 10"

compensating defect Cly.. Measuring Cl at the carrier concentra-
tion level of devices within the grain interior can be difficult given
the detection limits and lateral resolution of SIMS methods, so uti-
lizing this single crystal model system has the additional benefit of
providing samples capable of more thorough dopant and Cl analy-
sis when testing different processing methods.”"**

C. Heating profiles

Having established that CdCl, can affect As-activation, but
given CdCl, is necessary to achieve high performance in polycrys-
talline CdTe devices, two-step processing was tested to determine if
the high activations associated with the BKM RTP anneal (575 °C
for 10 min under Ar flow) can be combined with the benefits of
CdCl, treatments. Figure 7 plots the results of combining CdCl,
treatments at 450 °C with a BKM RTP anneal on MBE materials
with an initial incorporation level of 2 x 10'” cm™>. Regardless of
the CdCl, process, when a BKM step was performed after a CdCl,
treatment, the carrier concentration is higher than ending with a
CdCl, treatment. When looking at the “Process 17 CdCl, treat-
ments alone, it may appear that the presence of CdCl, is not detri-
mental to carrier concentrations; however, processing samples
BKM then CdCl, consistently had lower carrier concentration than
either of these processes alone. This is particularly apparent
with the 60-minute processes. The sequence of BKM RTP then
“Process 2” for 60 min, yields carrier concentrations almost as low
as the “Process 2” alone, whereas inverting the processing sequence
led to carrier concentrations as high as the BKM RTP alone. To
better understand this toggling between high and low carrier con-
centrations, other iterations of processing combinations were done.
BKM RTP then “Process 2,” followed by another BKM RTP also
produced carrier concentrations of low 10'® cm™.

To decouple the potential contributions of temperature and
CdCl, to the lowered carrier concentration in these two-step pro-
cesses, we tested multiple heating profiles in the RTP in an inert
environment without CdCl,. These tests were performed on MBE
materials from multiple wafers with an initial As incorporation of
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FIG. 6. Comparison of D-SIMS chlorine (a) and arsenic (b) profiles for CdCl, treated MBE samples (initial As incorporation of 2 x 10" cm’a) for a variety of activation

processes. Cl traces are offset to have matching detection limits.

2x 10" cm™ and displayed in Fig. 8. Heating profiles with multi-
ple samples tested are plotted as the average with range displayed.
Figure 8 also displays the time-temperature trajectories employed
and the resulting carrier concentrations. The first two profiles are
single step processes that include the BKM RTP step (575 °C for
10 min/profile 1) and 450 °C for 60 min/profile 2. The resulting

carrier concentrations for profile 2 are lower on average than
profile 1; however, the range of results for profile 2 is quite large
and is believed to be due to subtle differences in the As profiles
between different MBE runs. We plan to explore this As profile dif-
ference between MBE runs further in the future. In the subsequent
profiles (3-7), the sample first received a 10-minute RTP treatment
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FIG. 7. Plot of diffusion-corrected carrier concentration (left axis/square markers) and activation (right axis/triangle markers; utilizing a D-SIMS As profile representative of
these heating profiles) on MBE samples receiving both 450 °C CdCl, treatments and BKM RTP anneals, compared to the BKM RTP activation process for MBE samples
and the single CdCl, treatments of interest (blue lines for average carrier concentrations and green lines for average activation percentage).
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processing.

at 575 °C followed by a treatment at a second temperature. First, per-
forming two sequential high temperature (575 °C) steps (profile 3)
results in carrier concentration quite similar to a single high temper-
ature step (profile 1). There is a slight decrease in carrier concentra-
tion from profile 1 to profile 3, which may be due to more As
diffusion or loss of As, as discussed above. In profiles 4-7, the
sample was rapidly cooled from 575 °C to a lower setpoint and held
at that value for 60 min. In this series, the second setpoint was
varied from 150 to 450 °C, and as this temperature increased the
carrier concentration decreased on average, with the most drastic
decrease occurring from a second step temperature of 350 to 450 °C.
In fact, the carrier concentrations after T, =450 °C (profile 7) was
not unlike the average of what was observed in a 60 min 450 °C
anneal (profile 2) without being exposed to high temperatures.
Profile 8 is similar to 7, with the exception that it was brought
to room temperature between the high- and low-temperature steps.
In addition, in one case, the sample was exposed to air in between
steps (similar to how the two-step CdCl, treated samples from
Fig. 7 were processed). The results for profile 8 are nominally iden-
tical to profile 7, suggesting that neither quenching nor air exposure
at room temperature impacts the results. The last profile in Fig. 8

G0:10:LL G202 IMdY 80

reverses the process, first annealing the sample at 450 °C for 60 min
followed by the BKM RTP step (575 °C for 10 min/profile 9). Here,
the carrier concentration recovers to a high level but falls somewhat
short of the BKM method alone (profile 1). To further confirm this
metastability, an experiment was conducted where a sample was
subjected to alternating treatments of 575 °C/10 min (profile 1) and
450 °C/60 min (profile 2), and the results are shown in Fig. 9. As
shown, the carrier concentration toggles between high and low acti-
vation, and a similar result is observed when starting with profile 2
rather than profile 1 (Fig. S8 in the supplementary material).

We suspect the 450 °C/60 min anneal after a 575 °C/10 min
anneal is undoing the activation of the first anneal either by moving
the As out of a Te site (thus “de-activating” the sample), or poten-
tially by activating another compensating defect. When looking at
defect formations across the literature, there is no clear defect forma-
tion energy that would match the transition of a Asr, to a compen-
sating defect. Literature has shown the cooling rates can affect carrier
activation, and the higher temperature second step process could be
acting as a proxy for a longer cooling rate. Both theoretical and
experimental studies have shown that faster/non-equilibrium cooling
rates can increase carrier concentrations.”>”" It is also suggested that
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ferent temperature profile. Different marker shapes represent different samples.

AX centers could be the culprit, when cooling rates are not fast
enough.”™*” More recent work, however, suggests AX centers should
not be stable enough to limit p-type doping.”® Additional work will
be required to understand the nature of this potential compensating
defect. Even without the identity of the compensating defect, these
results suggest ending processing with a short high temperature
anneal could minimize potential compensation, providing a potential
guide for polycrystalline device processing sequences.

Since Ast. is an acceptor, shallow donors can compensate
net-acceptor concentrations. Chemical detection and identification
of compensating donors is difficult because of the low concentra-
tion levels (<10 cm™), uncertainty of charge states, and the
absence of the first-principle models of compensating complexes.

1.0
4 Injection
0.8 — J ’
’ [
06 - — Profile 7

— Profile 4
Profile 3
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0.4 —
0.2 —
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FIG. 10. Low-temperature (4 K) PL emission spectra for three samples indi-
cated in the legend. Excitation fluence for profiles 3 and 4 was 110 Wicm?.
Excitation fluence for profile 7 was varied from 1 W/cm? (dark color) to 110 W/
cm? (light color). Solid black arrow indicates blue shift of the DAP emission with
higher injection for the low activation profile 7 sample as explained in the text.
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To detect compensating donors with high sensitivity (but without
chemical identification), we used low-temperature PL emission
spectroscopy. In the PL spectra, we observed donor-acceptor pair
(DAP) emission only in samples with low As-activation.

Figure 10 compares low-temperature PL spectra for samples
heat treated with profile 7 (575°C-10min directly to 450°C-
60 min) which displayed low activation, profile 3 (575°C-10 min
directly to 575 °C-10 min) and profile 4 (575 °C-10 min directly to
150 °C-60 min) which both displayed high activation. Room tem-
perature PL emission spectra for these same samples are shown in
Fig. S9 in the supplementary material, and they indicate good crys-
tallinity of the epitaxial layers. Multiple emission peaks at >1.55 eV
in low-temperature spectra (Fig. 10) for all samples are due to
bound excitons and point defects.’”” Broad emission with a
maximum at 1.47 eV is attributed to Y center defects (largely dislo-
cations), which are present in all samples.”” For CdTe epilayers
grown on Si, Y center emission typically has the highest intensity.*’

The low activation sample (profile 7) has an additional emis-
sion band which shifts from 1.523 to 1.536 eV, when excitation
fluence increases from 1 to 110 W/cm®. This shift is illustrated in
Fig. 10 with a solid arrow and is attributed to DAP emission with

. 41
the maximum at hvpy:

eZ

4reggR

hvpa = Eg — (Ea + Ep) + (1)

In Eq. (1), Eg is the bandgap, Ep/E4 are donor and acceptor
energies, and the last term indicates Coulomb interaction between
the donors and acceptors (R is the distance between the donor and
the acceptor, e is the elementary charge, & is the electric constant,
and € is the dielectric permittivity). According to Eq. (1), higher
injection results in a blue shift (shift to higher energy) of the PL
emission (using higher injection decreases the average distance
between D and A and increases strength of the Coulomb interac-
tion). DAP emission can typically be observed at donor and accep-
tor density 10"7-10"®cm™"" the lower limit of this range
corresponds to As incorporation levels in our study. The DAP
spectral shift in Fig. 10 is 13 meV. The maximum of the DAP spec-
tral shift is equal to the binding energy of the shallow defect (pre-
sumably donor),** and typical shallow donor energy in CdTe is in
the range of 10 meV."” The activation energy for DAP emission
from variable-temperature PL data (not shown) is ~10 meV, con-
sistent with this interpretation. It is also worth noting that the
Urbach energies (Ey) for these samples are all remarkably low
~9meV (Fig. S9 in the supplementary material), suggesting that
this type of DAP compensation does not lead to band tails in
CdTe. It will be important to examine the behavior of As in MBE
Cd(Se,Te) thin films to better understand the high Ey observed in
As-doped polycrystalline Cd(Se,Te) devices.

IV. CONCLUSION

We have shown that the carrier concentration in MBE-grown
single crystal CdTe:As appears to saturate at ~3 x 10" cm™>, but
can achieve very high activation, making it an attractive platform to
understand group-V activation in thin-film CdTe. Using a bilayer
single crystal structure analogous to one used in polycrystalline
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thin films with a doped capping layer on top of an undoped layer,
the importance of carefully controlling As incorporation concentra-
tions was demonstrated. For bilayers with an initial As doping
below this carrier concentration saturation limit (3 x 10'®cm™),
high activation is achieved at T =450 °C. For highly doped layers
(>2x10" cm_3), the excess As leads to compensation/deactivation,
and elevated temperatures are required to diffuse As into the
undoped region and reduce the overall concentration. In addition,
we find that the presence of oxygen is detrimental to As-activation,
whereas the role of Cl remains less straightforward. Surface Cl
appears to be benign, whereas ClI in the bulk may lead to compen-
sation, but may be possibly mitigated by higher temperature pro-
cessing. Finally, we found that the temperature profile plays a role
in carrier activation of highly doped samples. High-temperature
processing followed by lower temperature processing around 450 °
C, regardless of the presence of CdCl,, may be activating compen-
sating defects that reduces the net acceptor density. It is suggested
to maximize As-activation, initial dopant incorporation should be
distributed uniformly at concentrations around the activation
limit (~3 x 10'® cm™). Translating these results to polycrystalline
CdTe-based devices, a path to potentially improve dopant activa-
tion, is to reduce total dopant chemical incorporation, minimize CI
incorporation in the grain interiors to limit compensation while
terminating the grain boundaries with Cl to enable 2D/3D passiv-
ation,'” and to incorporate short high temperatures (>500°C)
toward the end of device processing to minimize potential non-Cl
related compensating defects. This study begins to qualify a
method to more directly study dopant activation than polycrystal-
line CdTe can currently provide by leveraging a framework capable
of high dopant activation to test the limitations of typical polycrys-
talline processes. While this paper has focused primarily on a par-
ticular subset post deposition processing, more fundamental
understanding is needed on single crystal CdTe, and questions
remains, such as on the role of light and carrier excitation in CdTe
dopant activation. Hopefully, these studies will provide insights
that inform novel strategies to increase activation in polycrystalline
materials and ultimately minimize performance losses from recom-
bination and band tails.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional information
about the anneal setups, the method to determine the temperature
dependent diffusion coefficient used to calculate As diffusion
lengths, and additional Hall effect carrier concentrations, D-SIMS
and PL data.
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