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Growth of MOCVD Hg1–xCdxTe (HgCdTe) epilayers on GaAs substrates is described. The paper focuses on the interdiffused

multilayer process (IMP). In this process, the CdTe/HgTe growth times are comparable with transition times between the

phases. The non-optimum flow velocities and partial pressures that may induce poor morphology and reduce growth rate

characterize the growth during transition stages. The optimum conditions for the growth of single layers and complex

multilayer heterostructures have been established.

One of the crucial stages of HgCdTe epitaxy is CdTe nucleation on GaAs substrate. Successful composite substrates have

been obtained with suitable substrate preparation, liner and susceptor treatment, proper control of background fluxes and ap-

propriate nucleation conditions. Due to the large mismatch between GaAs and CdTe, both (100) and (111) growth may occur.

It mostly depends on substrate disorientation and preparation, nucleation conditions and growth temperature. Cd or Te sub-

strate treatment just before growth results in (100) and (111) orientation, respectively. Generally, layers with orientation

(100) show superior morphology compared to (111) but they are also characterized by hillocks.

The benefits of the precursors ethyl iodine (EI) and arsine (AsH3) for controlled iodine donor doping and arsenic acceptor

doping are summarized. Suitable growth conditions and post growth anneal is essential for stable and reproducible doping.

In-situ anneal seems to be sufficient for iodine doping at any required level. In contrast, efficient As doping with near 100%

activation requires ex-situ anneal at near saturated mercury vapours.

The transport properties of HgCdTe epilayers indicate on achieving device quality material. Reproducible n- and p-type

doping at the low, intermediate and high level (1015–1018 cm–3) has been achieved with stable iodine and arsenic dopants.

The mobilities and carrier lifetimes achieved for extrinsically doped n-type and p-type layers follow essentially the same

trends observed in state-of-the-art liquid phase epitaxy grown HgCdTe.
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1. Introduction

Historically, crystal growth of Hg1–xCdxTe (HgCdTe) has
been a major problem mainly because a relatively high Hg
pressure is present during growth, which makes it difficult to
control the stoichiometry and composition of the grown mate-
rial [1–4]. The wide separation between the liquidus and soli-
dus, leading to marked segregation between CdTe and HgTe,
was instrumental in the development of all the bulk growth
techniques to this system. In addition to solidus-liquidus sepa-
ration, high Hg partial pressures are also influential both dur-
ing growth and post-growth heat treatments.

Early experiments and a significant fraction of early pro-
duction were done using a quench-anneal or solid-state
recrystalization process (Fig. 1). Bridgman growth was at-
tempted for several years near the mid-70s last century. At
the same time, solvent growth methods from Te-rich melts
were initiated to reduce the grown temperature. One suc-
cessful implementation was the travelling heater method

(THM) up to 5-cm diameter [5]. The perfect quality of crys-
tals grown by this method is occupied by a low growth rate.

The bulk HgCdTe crystals were initially used for any
types of infrared photodetectors. At present they are still
used for some infrared applications such as n-type single
element photoconductors, SPRITE detectors, and linear ar-
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Fig. 1. Evolution of HgCdTe crystal growth technology from 1958

to present (after Ref. 4).



rays. Bulk growth produced thin rods, generally to 15 mm
in diameter, about 20 cm in length, and with non-uniform
distribution of a composition. Large two-dimensional ar-
rays could not be realized with bulk crystals. Another
drawback to bulk material was the need to thin the bulk
wafers, generally cut about 500 µm thick, down to final de-
vice thickness of about 10 µm. Also further fabrication
stages (polishing the wafers, mounting them to suitable
substrates, and polishing to the final device thickness) was
labour intensive.

The epitaxial techniques offer, in comparison with bulk
growth techniques, the possibility of growing large area
epilayers and sophisticated device structures with good lat-
eral homogeneity, abrupt and complex composition and dop-
ing profiles, which can be configured to improve the perfor-
mance of photodetectors. The growth is performed at low
temperatures, which makes it possible to reduce the native
defects density. The properties of HgCdTe grown by the vari-
ety of techniques discussed here are summarized in Table 1.

Among the various epitaxial techniques, the liquid
phase epitaxy (LPE) is the most matured method [6]. LPE
is a single crystal growth process in which growth from a
cooling solution occurs onto a substrate. LPE growth of
thin layer on CdTe substrates began in the early-to-mid
70’s. At present, the vapour phase epitaxy (VPE) growth of
HgCdTe is typically done by nonequilibrium methods;
metalorganic chemical vapour deposition (MOCVD) [7],
molecular beam epitaxy (MBE) [8], and their derivatives.
The great potential benefit of MBE and MOCVD over the

equilibrium methods is the ability to modify the growth
conditions dynamically during growth to tailor band gaps,
add and remove dopants, prepare surfaces and interfaces,
add passivations, perform anneals, and even grow on se-
lected areas of a substrate. The growth control is exercised
with great precision to obtain basic materials properties
comparable to those routinely obtained from equilibrium
growth.

In the case of MBE, a specially designed Hg-source ov-
ens were successfully designed to overcome the low stick-
ing coefficient of Hg at the growth temperature [8]. The
growth temperature is less than 200°C for MBE but around
350–400°C for MOCVD, making it more difficult to con-
trol the p-type doping in the MOCVD due to formation of
Hg vacancies at the higher growth temperatures. The va-
cancies can be removed by a low (<200°C) temperature an-
neal. However, in the case of MBE application, post
growth annealing at high temperatures (above 350°C) is
necessary for activation of acceptor dopant.

Earlier works on the fundamental issues of MOCVD
growth and doping have been directed toward receiving of
high quality cryogenically and thermoelectrically cooled
HgCdTe photodiodes [7,9–11] and non-equilibrium de-
vices [12,13]. This paper presents the recent advances in
MOCVD of HgCdTe, with emphasis on these aspects of
technology for the growth of heterostructure photovoltaic
devices operated at room temperature in both middle wave-
length (MW) and long wavelength infrared (LWIR) spec-
tral ranges.
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Table 1. Comparison of various methods used to grow HgCdTe.

Bulk Liquid phase epitaxy Vapour phase epitaxy

SSR THM

HCT melt Te melt Hg melt Te melt ISOVPE MOCVD MBE

Temperature (°C) 950 950 500 350-550 400-550 500 275-400 160-200

Pressure (Torr) 150 000 150 000 760-8000 760-11400 760-8000 760 300–760 10–3-10–4

Growth rate (µm/hr) 250 250 80 30-60 5-60 1-10 2-10 1-5

Dimensions w (cm) 0.8-1.2 dia 0.8-1.2 dia 2.5 dia 5 5 1 dia 7.5 dia 7.5 dia

l (cm) – – – 6 5 – 4 4

t (cm) 15 15 15 0.0002-0.0030 0.0005-0.012 0.001 0.0005-0.001 0.0005-0.001

Density of dis. (cm–2) <105 – <105 <105 <105–107 – 5´105–107 <5´104–106

Purity (cm–3) <5´1014 <5´1014 <5´1014 <5´1014 <5´1014 »1´1015 <1´1015 <1´1015

n-type dop. (cm–3) N/A N/A N/A 1´1014-1´1018 1´1015-1´1016 1´1015 5´1014-5´1018 5´1014-1´1019

p-type dop. (cm–3) N/A N/A N/A 1´1015-1´1018 1´1015-5´1016 1´1016-5´1017 3´1015-5´1017 1´1016-5´1018

X-ray r. c. (arc sec) – – 20–60 <20 <20 – 50–90 20–30

Uniformity (Dx) <0.002 <0.004 <0.005 <0.002 <0.002 <0.001 ±0.01-0.0005 ±0.01-0.0006



2. MOCVD system

One of the important advantages of MOCVD system is the
possibility of application of low-cost composite substrates
(GaAs, Si, sapphire) as the viable alternative to costly
CdZnTe substrates. This system does not require high vac-
uum for growth, is easier serviceable technique with larger
throughput. Last, but not least, donor and acceptor doping
at medium and high level, essential for near room tempera-
ture devices, is simpler with MOCVD. That is why we se-
lected MOCVD as the technique of choice for fabrication
of uncooled HgCdTe photodetectors.

Aixtron Aix-200 II-VI MOCVD system was purchased
in 2004. Fast switching valves, high quality materials and
proper reactor design allow us to run fully computer-con-
trolled processes. Low to atmospheric pressure growth is
possible. Drawback of this technique, in comparison with
the previously used ISOVPE one [14–16], is high cost of
equipment and high toxicity of precursors which is pre-
vented by an advanced safety system.

Aixtron Aix-200 II-VI MOCVD system is a horizontal
reactor customized for Hg1–xCdxTe growth on 2” wafers
(Fig. 2). Pd-cell purified hydrogen is used as a carrier gas.
Between processes the system is filled with nitrogen fined
by getter purifier. Liquid nitrogen is used as the nitrogen
source. Dimethylcadmium (DMCd), diisopropyltelluride
(DIPTe), and diethylzinc (DEZn) used as precursors are
held in temperature-stabilized baths. Elementary mercury
is held in a quartz container in the lower input channel of
the container. AsH3 has been used as arsenic precursor. The
drawback of arsine is its toxicity. Special safety preventive
measures must have been applied to the laboratory.

Ethyl iodide (EI) is used for donor doping. Because of
its high vapour pressures, the metalorganic source for io-
dine must be held at low temperatures (<5°C).

DMCd/EI and DIPTe/AsH3 input channels are sepa-
rated to prevent premature gas mixing and dust formation.
Evaporating mercury is carried by hydrogen to the growth
zone. Drawback of this solution is the dissolution of Te and
As sources in the elementary mercury container. This may
result in As memory effects. The surface of the mercury is
covered with black skin, probably HgTe after deposition
causing growth instabilities.

Hydrogen from the upper channel dilutes mercury satu-
rated hydrogen from the lower channel. Therefore decrease
in the mercury partial pressure over the wafer must be taken
into account and it can be altered by changing the lower to
upper channel flow ratio. In practice, the flow is selected
separately for each phase; for example 100/500 sccm or
1200/1200 sccm flow ratios have been used. In this notation
the first number is mass gas flow in the upper channel and
the former is mass gas flow in the lower channel.

Two temperature zones are in the reactor: the mercury
source zone (up to 300°C) and the growth zone with graphite
susceptor (up to 900°C). Reactor temperatures 360–410°C
have been used and mercury has been held in 200–220°C.
Higher temperatures are used for reactor cleaning.

Substrate is lying on a rotating disk using Aixtron’s gas
foil rotation technique. Vacuum system provides the possi-
bilities of keeping the reactor at the pressures from 50 mbar
to atmospheric pressure. Reactor pressure of 500 mbar was
used for all successful growth runs.

MOCVD system contains explosive materials such as
hydrogen and toxic materials as AsH3, mercury and metal-
organics precursors. Therefore the laboratory is equipped
with advanced safety feature devices such as hydrogen,
arsine and mercury detectors, effective ventilation system,
and different safety interlocks embedded in the Aixtron’s
system. Large quantities of mercury are being transported
during the growth. They are condensed at low temperature

Opto-Electron. Rev., 13, no. 3, 2005 P. Madejczyk 241

Contributed paper

Fig. 2. Schematic drawing of Aix-200 II-VI reactor.



Hg trap. Glovebox nitrogen atmosphere contains a lot of
mercury and all its gas outlets are equipped with activated
coal filters. All toxic gases are neutralized in the wet scrub-
ber system.

3. Hg1�xCdxTe growth

CdTe buffer growth on GaAs is probably the most critical
stage in HgCdTe growth due to lattice mismatch. For GaAs
and CdTe, the mismatch is approximately 14.3%. 2–10-µm
thick CdTe buffer neutralizes so huge mismatch. The
buffer plays also a role of Ga diffusion barrier [17].

Careful chemical and thermal treatment of the reactor
must be carried out after each growth run to prevent resid-
ual deposits of HgCdTe on substrate that adversely affect
nucleation stage of growth. Different phases on the edges
and in the middle of the wafer were frequently observed for
poorly cleaned reactor.

Epiready (100) GaAs wafers with 2–4° disorientation
towards <100> and <110> have been used. Due to the large
mismatch between GaAs and CdTe, both (100) and (111)
growth may occur. It mostly depends on substrate disorien-
tation and preparation, nucleation conditions and growth
temperature. Cd or Te substrate treatment just before
growth results in (100) and (111) orientation, respectively.

Generally, layers with orientation (100) show superior
morphology compared to (111) but they are also character-
ized by hillocks. Height of hillocks is typically twice
higher compared to the layer thickness.

Origin of hillocks is not fully understood at present.
Hillocks are created during CdTe buffer growth and
HgCdTe growth only enlarging them. Epilayers with hill-
ocks are practically useless for device fabrication. Various
ways to prevent hillocks formation have been tried: Zinc
nucleation layer, different Cd/Te ratios, different substrates
orientations have been used, but we were able to grow hill-
ocks-free layers only on some substrates from one supplier
(Fig. 3). Therefore, most of the devices were based on
(111) layers.

Direct Hg1–xCdxTe growth is difficult due to different
thermodynamic properties of HgTe and CdTe [7,18]. We
applied interdiffused multilayer process (IMP) for
Hg1–xCdxTe growth to avoid this problem. IMP gives the
possibility for controllable growth of heterostructures with
complex composition and doping profiles. HgTe and CdTe
layers are deposited one after another with the period
100–200 nm and homogenized by interdiffusion during
growth. Any composition can be achieved this way by
proper selection of HgTe and CdTe layer growth times.

IMP growth depends in a complex way on precursors
concentration, flow velocities, growth temperature and
many other factors, frequently dependent on the reactor de-
sign. A lot of optimization is required to obtain good qual-
ity layers.

One of the critical factors is a proper control of precur-
sors delivery to the growth zone. For practical devices we
need multilayer heterostructures with uniform lateral com-

position and doping level within each layer and, at the
same time, with sharp interfaces. This implies very thin
IMP pairs and quite short times of CdTe and HgTe growth
phases. The practical consequence is that IMP times be-
come comparable to the times required for precursor trans-
port from bubblers to the growth zone. The other complica-
tions are significant differences in the transport times for
different precursors, mixing effects and different carrier
gas flow velocities for the CdTe and HgTe growth stages
[7]. This may result in poor control of the actual concentra-
tion of precursors that could adversely affect the quality,
homogeneity and doping of the HgCdTe layers. Reduction
of precursor’s delivery times is possible with increased car-
rier gas flow but the shorten residence time of precursors
decreases pyrolysis efficiency, which leads to the waste of
expensive metalorganic precursors.

The problems described above can be solved to some
degree by the use of four-phase IMP process proposed by
Svoronos et al. [19]. The carrier gas flow through DIPTe
bubbler is switched on at the start of HgTe phase and
switched off at the beginning of HgTe flush phase. DIPTe
and DMCd bubblers are switched on and off at the start and
at the end of CdTe phase, respectively. Typically, the car-
rier gas flow during CdTe/CdTe flush phase is approxi-
mately 4 times longer of that during the HgTe/HgTe flush
one [20]. The CdTe phase is usually used also to introduce
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Fig. 3. Surface morphology and cleavage of (100) layer.



doping precursors. CdTe growth phase is critical for
growth of low composition MCT because of its shortness.

Careful selection of the flows and valve switching times
is necessary to ensure optimum growth conditions. Experi-
mental optimization of the growth conditions is costly and
time consuming. The theoretical modelling has been used
as the first approximation that could be eventually cor-
rected with suitable experiments. Figure 4 shows modelled
partial pressures of precursors in growth zone during
four-stage IMP. The most simple approximation is the plug
flow (PF) model that describes temporal changes of precur-
sor concentration as rectangular pulses characterized by de-
lays compared to the nominal HgTe and CdTe phases
(Fig. 4 – DIPTe PF). This means that the HgTe and CdTe
growth occurs partially during the HgTe and CdTe phases,
and partially are continued during the flush phases.

The PF model is usually a good approximation of gas
flow through a thin pipe but poor for the liner volumes of
complex shape, where mixing effects are significant. The
mixing effects and changes of carrier gas flow may cause
significant distortion of the pulses (Fig. 4). The distortion
depends on the design of particular gas system and differs
for various precursors.

HgTe growth phase
Low carrier gas total flow velocity causes large delay of

DIPTe precursor. Time needed for precursor to pass
through the pipes from bubbler to reactor is estimated with
PF model (DIPTe PF – Fig. 4).

HgTe flush phase
Total flow rate is changed during that phase. Increase in

total gas flow rate during CdTe phase could cause unstable
growth conditions because of changing partial pressure of
DMCd and DIPTe at the beginning of CdTe deposition.
Time of the flush after HgTe is a compromise. From one
hand it must be carefully selected to ensure no residual
DIPTe precursor pressure during the CdTe growth phase.
On the other hand it must be short enough to avoid evapo-
ration of HgTe. Low residual DIPTe partial pressure after

the flush phase is particularly important for doping, where
DMCd/DIPTe ratio must be precisely controlled.

CdTe growth
CdTe layers deposited during IMP cycle must

interdiffuse during next a few cycles to ensure composition
uniformity. Injected precursors have different delivery
times, so they can’t be switched on simultaneously. Delays
and bad switching moments can cause deterioration of
morphology [especially (100) one], inefficient doping, and
unintentional direct growth.

CdTe flush
CdTe flush phase is less critical for growth, because of

low evaporation velocity of CdTe.

In practice, the partial pressures of precursors could be
predicted with limited accuracy and the process’ design has
to be experimentally adjusted. Doping and flushes times
are longer than modelling results pointing at. In reality,
during IMP the precursors switching are much more com-
plicated. Properties of mass flow controllers forced us to
use delta doping to achieve low-doped MCT layers. CdTe
growth time is kept constant in all absorber layers. We ob-
served large, nonlinear, composition shifts when we
change CdTe growth time; therefore the composition cali-
bration was adjusted through HgTe growth time.

Linear deposition characteristics over substrate must be
assured to avoid non-uniformity of HgCdTe composition.
First of all, deposition characteristics depend on linear flow
velocity over substrate.

The composition uniformity across the wafer has been
evaluated by mapping of infrared transmission spectra. The
transmission spectra are close to the theoretical ones. This
is an evidence of good in-depth homogeneity. The compo-
sition uniformity over the wafer as low as ±0.1% is
achieved.

4. Undoped Hg1�xCdxTe layers

Electrical properties of nominally undoped Hg1–xCdxTe
layer are determined by native acceptors (metal vacancies)
and uncontrolled background doping. Vacancy concentra-
tion strongly depends on reactor temperature, vapour pres-
sure and material composition. The native doping level af-
ter growth at 360°C with mercury temperature 200°C is ap-
proximately 5´1016 cm–3. This is much below the expected
level of >1´1017 cm–3 for this temperature conditions [21].
We suspect that it is due to partial annihilation of vacancies
during cool down. It could be influenced by hydrogen pres-
ence in the layer.

Post-growth annealing in mercury vapours can change
the vacancy concentration. Vacancies may be practically
eliminated by a prolonged, low temperature (»200°C) an-
nealing at near saturated mercury pressures. Such anneal-
ing reveals the background doping level. We have observed
the uncontrolled background about Nd – Na = (1–3)´1015

cm–3 for our MOCVD system.
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Fig. 4. Modelling precursor concentration during IMP technique.
DMCd and DIPTe in scale, Hg scale ´17, EI scale ´200.
We assume equal delays for all precursors in CdTe growth

phase.



Ex-situ anneal in sealed quartz ampoules in mercury va-
pours is typically used to maintain isothermal conditions.
This technique is not practical for production purposes. In-
stead, we developed more convenient ex-situ anneal tech-
nique in which a wafer after growth was transported into
reusable quartz container. Temperatures up to 400°C and
Hg pressures up to 2 bars could be used.

High and low temperature annealing was used.
Typically, a short (approx. 20 min–3 h) high temperature
(360°C) anneal was used for doping homogenization fol-
lowed by long (>2 h) low temperature (250°C) anneal for
vacancy annihilation. Mercury pressure has been changed
during both stages of this annealing to maintain conditions
close to isothermal ones.

In-situ annealing is very practical for production pur-
poses. It is carried out in the reactor immediately after the
growth. The annealing eliminates the need for any “hot”
processes after removal of wafers from the MOCVD reactor,
and the possibility of additional impurities introduction.

When the growth is finished, the temperature of the wa-
fer is gradually lowered to 210°C for 1–6 hours keeping the
mercury source temperature at the 200–220°C. After that
both reactor and mercury are cooled down. It must be
avoided to cool down the rector below the mercury level to
prevent Hg droplet formation. During annealing it is not
possible to close the reactor and to stop hydrogen flow.
This result in significant mercury losses. In practice, this
means that we cannot obtain near saturated mercury pres-
sures at temperatures >220°C. This effect can be limited by
selecting optimal upper to lower channel flow ratio.

Vacancy and background doping is not sufficient for
advanced infrared devices that require donor and acceptor
doping at medium and high doping levels.

5. Hg1�xCdxTe doping with foreign impurities

Iodine and arsenic have been used as foreign dopants. Both
are well behaved, stable and slowly diffusing dopants. To
be active dopants they must occupy Te sites. Metal-rich
conditions are favourable for iodine incorporation and they
are required for arsine. Therefore they have been intro-
duced during CdTe phase with Cd/Te ratio >1. Most of
doping experiments have been carried out for (111)
Hg1–xCdxTe layers.

Layer characterization techniques included room-tem-
perature infrared transmission to determine composition x

and layer thickness, Hall measurements at 2 kG magnetic
field to determine electrical carrier concentration and mo-
bility, and secondary ion mass spectroscopy (SIMS) to de-
termine dopant concentrations. Profiling of the layers was
achieved by differential Hall assessment using etch-step re-
moval on samples with protected contacts. Additionally,
the compositional profiles were evaluated for some sam-
ples by differential reflection spectra. The electrical mea-
surements were carried just after growth (in-situ) and after
postgrowth annealing of the layers under Hg-saturated con-
ditions (typically 360°C/3h and 250C/5h) to remove Hg va-

cancies. After such annealing, undoped layers typically
showed mixed conduction at 77 K or were lightly p-type
with carrier concentrations less than 5´1015 cm–3, due to
residual background impurities. In some cases samples
were previously annealed at 400°C for 10 h under Te-rich
phase equilibria (Hg held at 250°C in a two-zone furnace)
to check the stability of dopant site occupation under con-
ditions of excess Hg vacancy concentration.

The carrier lifetime was measured using the steady-
state photoconductivity technique. The sample is illumi-
nated with a modulated calibrated flux and lock-in tech-
nique is used. The minority carrier lifetime is determined
provided the quantum efficiency, the flux, and the mobili-
ties are known. Lifetime characterization has been also per-
formed by interpretation of exponential photoconductivity
decay using a pulsed laser.

5.1. Iodine doping

Iodine is well behaved dopant and it is typically used to ob-
tain heavily doped n+-layers. It is a highly effective precur-
sor without any memory effects [22]. Therefore it is impor-
tant to establish conditions for iodine doping at >1017 cm–3

level. Cd/Te ratio of 1.1–1.3 has been used during CdTe
phase to improve efficiency of I incorporation and activa-
tion. It allows doping concentration between 1´1017 and
1´1018 cm–3 for the compositions of about 0.3.

It appears that iodine incorporation efficiency in
HgCdTe from EI exhibits a strong dependence on the pre-
cise orientation of the substrate [23]. Figure 5 shows the
concentration of iodine in Hg1–xCdxTe (x » 0.20) layers,
measured by SIMS, for a number of misorientations from
the (100) plane toward (111)B. During growth, the EI par-
tial pressure was maintained at constant values marked in
the figure. The HgCdTe layers were grown on CdZnTe
[23] and GaAs substrates (our results). We can see that the
iodine concentration varies over a wide range form
mid-1015 cm–3 for (100)8°®(111)A to mid-1018 cm–3 for
the (211)B orientation. The variation in dopant incorpora-
tion with crystallographic orientation is well known for
several dopants in GaAs and other III-V semiconductors.
The iodine occupies the Te sublattice sites substitutionally.
The Te sides on the (211)B surface provide a more stable
and favourable adsorption site with three bonds from the
underlying group II atoms while the (100) surface provides
a weaker adsorption site with two bonds.

Next figure (Fig. 6) shows the efficiency of iodine dop-
ing as a function of EI partial pressure for two orientations
of HgCdTe layers. The growth conditions for both orienta-
tions were identical. We observe significantly higher incor-
poration rates in the (111) orientation. For comparison, the
solid trend-lines are taken from Ref. 9 for (211)B and
(100)4°®(110) orientations.

Multi-level staircase structure quickly yielded dopant
source calibration curves. Figure 7 shows calibration struc-
ture obtained using ethyliodide (EI) which was assessed by
SIMS measurements and differential 77 K Hall profiling.
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The errors in differential Hall concentrations become larger
when the etch step sizes are reduced and the minimum reli-
able step is around 2 µm. Consequently, it is difficult to
align the step positions with the grown layer interfaces.

The obtained correlation between the electrical and chemi-
cal results implied the iodine incorporated on the correct Te
lattice site; and that within the accuracy of the techniques,
the activation efficiency is close to 100%. However, along
with increasing iodine concentration its activation de-
creases. Probably for high iodine concentration it starts to
occupy interstitials or metal sites. Although EI shows the
desirable properties of a donor dopant source, the minimum
EI concentration about 0.2 ppm could be obtained with
sensible choices of source temperature and double dilution
mass flow controllers (MFC) settings. The range of 0.05
ppm (first step at calibration structure) was obtained by set-
ting very short injection times to the reactor – 0.4 sec of EI.
The control of iodine concentration is difficult below
1´1016 cm–3.

Good reproducibility of I doping has been observed.
Also no or insignificant I doping memory effects have been
observed. Figure 8 shows the relationship between 300 K
electron concentration and alloy composition. It is clearly
shown decrease in iodine incorporation with composition
increasing. Preliminary experiments with increasing Cd/Te
ratio have not improved EI doping noticeably. However,
slight improved efficiency of doping has been observed
with ex-situ annealing at 360°C at near saturated mercury
pressures. This effect may be related to incomplete iodine
homogenization during growth and in-situ annealing, since
iodine diffusion is very slow (noticeably slower then Cd
diffusion into HgTe).

Heterostructure photovolataic IR detectors require
heavily doped n+-layers with relatively high x composition
(x > 0.45). It is expected that such layers should have resis-
tivity as small as possible to provide good electrical con-
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Fig. 6. Iodine incorporation in Hg1–xCdxTe (x » 0.20) as a function
of EI partial pressure for (100) and (111) orientation. The solid
trend-lines are taken from Ref. 9 for (211)B and (100)4°®(110)

orientations.

Fig. 7. Calibration profile of staircase (111)Hg0.66Cd0.34Te
structure doped using ethyliodide. I-doped HgCdTe structure was

grown with Cd/Te ratio of 1.2.

Fig. 5. Iodine incorporation in Hg1–xCdxTe (x » 0.20) vs.
misorientation from the (100) plane toward (111)B measured by
SIMS. During growth, the EI partial pressure was maintained at
constant values: 1.81´10–6 atm. (n, after Ref. 9) and 8.5´10–6 atm

(s, our results).



tact. Until now, the Hg1–xCdxTe layers with composition x

> 0.45 doped with EI doses above 10 ppm had electron
concentration lower than 7´1017 cm–3 and sheet resistance
above 10 W. These parameters indicate that significant part
of iodine atoms are not located in Te lattice and are not
electrically active.

The transport properties of iodine-doped HgCdTe lay-
ers have been also characterized extensively in our labora-
tory. In Fig. 9, the 77 K mobilities obtained as a function of
electron concentration for iodine-doped samples are

shown. We note that the mobilities of electrons in samples
fabricated in our laboratory are comparable with previously
published values for layers doped using iodine as a vapour
from the solid element [24]. Expected decrease in mobility
with increasing doping is due to ionized impurity scattering
mechanism.

Temperature-dependent lifetime measurements have
been carried out using the steady-state photoconductivity
technique. For example, the data for Hg0.68Cd0.32Te sam-
ples with electron concentrations 1.1´1016 cm–3 and
2.0´1016 cm–3 are shown in Fig. 10. Both sets of data agree
well with a theoretical model that includes Auger 1 and ra-
diative recombination mechanisms [3].

The next figure (Fig. 11) shows the 77 K lifetimes for
n-type doped Hg0.77Cd0.23Te layers against electron con-
centration. The layers have been doped using triisopropyl
indium and ethyliodide. The trend-line follows the ex-
pected 1 2ni dependence for Auger limited lifetime, in-
creasing to > 1 µs at 1015 cm–3.

5.2. Arsenic doping

For acceptor doping, the most widely used dopant in
HgCdTe is arsenic. In MOCVD there have been extensive
studies of arsenic doping with a variety of precursors. The
most popular is arsine (AsH3) used also in our laboratory.
As less toxic liquid precursors such as tertiarybutylarsine
(TBAsH2), phenylarsine (PhAsH2) and dimetyhylamino-
arsenic (DMAAs) became commercially available.

Arsine incorporation into Te sites is very sensitive for
metallic rich conditions. This assures conditions for arsenic
to enter Te sites where it acts like an acceptor. Otherwise
arsenic can show amphoteric behaviour.
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Fig. 8. Room temperature electron concentration for iodine doped
HgCdTe layers vs composition x. HgCdTe layers were grown with

Cd/Te ratio of 1.5.

Fig. 9. 77 K mobilities of iodine doped Hg1–xCdxTe (x = 0.20–0.24)
layers vs. electron concentration. The layers have been doped using
etyliodine (l) and iodine as a vapour from the solid element (s,

after Ref. 24).

Fig. 10. Temperature dependence of lifetimes measured for
Hg0.68Cd0.32Te samples with electron concentrations 1.1´1016

cm–3 and 2.0´1016 cm–3 and comparison to the theoretical model
(solid lines).



The arsenic incorporation rate and doping efficiency
strongly depend on crystallographic orientation. Figure 12
shows the efficiency of arsenic doping as a function of
AsH3 partial pressure for two crystallographic orientations:
for the (100) and (111). Different orientations were ob-
tained by different nucleation conditions. The difference in
doping efficiency for two orientations is clearly evident,
with near an order of magnitude higher incorporation rate

in (100) orientation. This strong polarity dependence can
be qualitatively understood by considering that the two Cd
and As atoms are jointly involved in the incorporation pro-
cess, because the adsorbed species originate from the
adduct DMCd-AsH3. The detailed explanation of this phe-
nomenon is presented in Ref. 25.

To assess a doping source and to reduce the number of
growth experiments, the test doping structures have been
prepared. Multi-level “staircase” structures quickly yielded
dopant source calibration curves. Figure 13 shows a “stair-
case” structure obtained using AsH3 which was assessed by
SIMS and differential 77 K Hall profiling. The SIMS data
are referenced to the growth interface and plotted as a func-
tion of layer thickness. The correlation obtained between
the chemical and electrical results implied the arsenic in-
corporated on the correct Te lattice site. However, compar-
ing Figs. 7 and 13, we can notice less activation efficiency
for arsenic than for iodine. In general, the activation energy
is almost 100% in low concentration range and decreases
with increasing arsenic incorporation in (111) HgCdTe lay-
ers. In our AsH3 gas system it is difficult to introduce doses
lower than 2 ppm. To obtain acceptor concentration of about
1016 cm–3, what corresponds arsine fraction of 0.38 ppm, the
doses of 2 ppm have been introduced in the growth zone
during 3 sec of 16-sec length of time CdTe cycle.

Next figure (Fig. 14) shows the result of a three-layer
structure grown with AsH3 to check memory effects. In this
structure, at the first interface the AsH3 concentration was
switched on, and at the second interface – was switched
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Fig. 11. 77 K carrier lifetime as a function of electron concentration
for Hg0.77Cd0.23Te layers. The layers have been doped using
triisopropyl indium (l, after Ref. 26) and ethyliodide (n, our

results).

Fig. 12. Arsenic incorporation in Hg1–xCdxTe (x = 0.28–0.33) vs.
AsH3 partial pressure, measured by SIMS for the (100) and (111)

orientations.

Fig. 13. Calibration profile of staircase (111)Hg0.68Cd0.32Te
structure doped using arsine: A – 2 ppm AsH3 dose was introduced
during 3 sec of 16-sec length of time CdTe cycle; B – 2 ppm AsH3
dose was introduced during both cycles of IMP growth; C – 20 ppm
AsH3 dose was introduced during both cycles of IMP growth.
As-doped HgCdTe structure was grown with Cd/Te ratio of

1.2–1.5.



off. The SIMS profile clearly showed the abrupt nature of
both transitions between undoping and highly doping con-
centrations. It also indicates that the reactor memory was
minimized.

P-type doping using AsH3 precursor was achieved over
the range of 3´1015–5´1017 cm–3 in IMP growth, where the
As-precursors are injected in the CdTe growth cycle under
Cd-rich conditions. For example, Fig. 15 shows the hole

concentration of arsenic doped (111)Hg0.72Cd0.28Te layers
at 77 K vs. arsine concentration in reactor. The HgCdTe
layers were grown with Cd/Te ratio of 1.5. Thermal anneal-
ing is required to enhance activation of the As acceptors.
As indicate Fig. 15, an ex-situ isothermal annealing in high
mercury vapours (360/350°C) shows significant effects on
acceptor doping by increasing the hole concentration.

It is much more difficult to achieve heavily doped
x-low HgCdTe materials. Arsenic incorporates only during
CdTe cycle in IMP growth process. The growth time of
CdTe cycle (the active time of As doping) is considerably
shorter than HgTe cycle for x-low layers. As a result, the
relative arsenic incorporation is worse in epilayers with
x-low compositions than in x-high ones. The investigation
of optimal growth conditions for more effective doping in
x-low layers is still continued. So far, after postgrowth an-
nealing, concentrations of up to 3´1017 cm–3 have been
achieved. Figure 16 shows that hole concentration of
2´1017 cm–3 in (111)Hg0.83Cd0.17Te layer can be achieved
under the following growth conditions: Cd/Te ratio equal
to 5 and arsine fraction of 4 ppm in the growth zone (mer-
cury temperature of 220°C). Higher doping concentrations
(>5´1017 cm–3) have been achieved in the higher x, post-
growth annealing materials (x > 0.25) with Hg temperature
of 220°C and arsine fraction of 10 ppm.

Figure 17 shows the relationship between 77 K hole
mobility measured at 2 kG magnetic filed strength and
composition. The hole concentration at 77 K range from
1016–3´1017 cm–3. The mobility decreases with increasing
CdTe mole fraction in HgCdTe alloy. We can also notice
independence of mobility values on a dopant source.

Early studies of arsenic doped MOCVD HgCdTe layers
using TBAsH2 and PhAsH2 precursors indicated that the
carrier lifetimes were significantly lower than those ob-
tained in As-doped HgCdTe grown by Hg-rich liquid phase
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Fig. 14. SIMS concentration profile of a 4.5-µm thick test structure,
doped using AsH3 (from 0 to 4.5 µm and above 9 µm the structure
was undoped). The structure was grown with Cd/Te ratio of 1.5.

Fig. 15. 77 K hole concentrat ion of arsenic doped
(111)Hg0.72Cd0.28Te layers vs. arsine concentration. The HgCdTe

layers were grown with Cd/Te ratio of 1.5.

Fig. 16. Room temperature hole concentration for arsenic doped
(111)Hg1–xCdxTe (x » 0.17) vs. Cd/Te ratio maintained during

growth.



epitaxy (LPE) [24,27]. It was suggested [28] that
As-doping of CdTe with AsH3 causes the incorporation of
As-H pairs in addition to As. It is likely that As-H pairs are
incorporated also with TBAsH2 and PhAsH2 precursors
since they are substituted AsH3 in MOCVD HgCdTe
growth. Although As-H complexes are expected to be elec-
trically neutral, they are likely to be recombination centres
in HgCdTe and are probably an important factor in the

lower lifetimes observed in As-doped films grown with the
TBAsH2 and PhAsH2 precursors. Unlike TBAsH2 and
PhAsH2, dimethylaminoarsenic (DMAAs) – another pre-
cursor used for p-type HgCdTe doping [9,28,29], has no
As-H bonds and it is therefore expected that As-H com-
plexes will not be incorporated in the As-doped films.

Figure 18 compares lifetime measurements reported for
As-doped Hg1–xCdxTe (x » 0.30) films grown with DMAAs,
TBAsH2, PhAsH2, and AsH3 precursors. The data taken at
80 K are plotted as a function of the Hall concentration. It
is clear that the lifetimes of the films doped with DMAAs
show higher values of lifetimes than those measured in the
films doped with TBAsH2, PhAsH2, and AsH3. However,
our experimental data obtained using AsH3 precursor coin-
cide well with theoretical predictions (solid line) for tradi-
tional radiative limit for Hg0.70Cd0.30Te (without including
reabsorption effects). These data provide confidence that
the carrier lifetimes in As-doped MOCVD layers with
AsH3 precursor are close to the values reported in As-
doped Hg-rich LPE grown HgCdTe. Next figure (Fig. 19)
confirms this conclusion, where temperature-dependent car-
rier lifetime is shown for two Hg0.69Cd0.31Te samples with
hole concentrations 1.1´1016 cm–3 and 4.1´1016 cm–3. Both
sets of data agree well with a theoretical model that includes
Auger 7 and radiative recombination mechanisms [3].

6. Conclusions

Practical implementation of the advanced photodetector ar-
chitecture requires well established epitaxial technology.
The paper presents recent progress in the MOCVD growth
of HgCdTe epilayers on GaAs/CdTe substrates. This tech-
nique has been selected for its inherent versatility (low
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Fig. 17. 77 K hole mobility for As-doped Hg1–xCdxTe layers vs.
composition. The layers have been doped using tertiarybutylarsine
(n, after Ref. 27) and arsine (s, our results). The 77 K carrier

concentration for the data range from 1016–3´1017 cm–3.

Fig. 18. Comparison of 80 K lifetimes in As-doped Hg1–xCdxTe (x
» 0.30) layers from DMAAs, TBAsH2, PhAsH2, and AsH3. The
experimental data for HgCdTe layers grown with DMAAs,
TBAsH2, and PhAsH2 precursors are taken from Ref. 9; our results
(l) concerns HgCdTe laters doped with AsH3. The solid line
represents traditional radiative limit for Hg0.70Cd0.30Te (without

including reabsorption effects).

Fig. 19. Temperature dependence of lifetimes measured for
Hg0.69Cd0.31Te samples with hole concentrations 1.1´1016 cm–3

and 4.1´1016 cm–3 and comparison to the theoretical model (solid
lines).



growth temperature, ability to grow layered structures with
complex composition and doping profiles while maintain-
ing sharp interfaces). MOCVD makes possible to use
low-cost and high quality substrates (GaAs, sapphire and
silicon) and has the potential for a large-scale cost-effective
production.

HgCdTe heterostructures have been grown on 2’’
(100)GaAs. Reproducible n- and p-type doping at the low,
intermediate and high level (1015–1018 cm–3) has been
achieved with stable iodine and arsenic dopants. The dop-
ants are easily activated during growth. Sharp iodine pro-
files have been obtained without any memory effects, a key
requirements for bandgap engineering HgCdTe devices.
Also SIMS profiles of arsenic doped heterostructures indi-
cate that the reactor memory was minimized. The doping
range especially meets the requirements for HgCdTe
photovolataic devices operated at near room temperatures
in both MW and LW infrared spectral ranges [30].

The transport properties of MOCVD layers are compa-
rable with those published for LPE epilayers. The experi-
mental data provide confidence that the carrier lifetimes in
MOCVD layers are close to theoretical limits determined
by radiative and Auger recombinations.
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