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CARRIER DECAY LIFETIMES
IN THE NARROW-GAP Hg,_,.Cd,Te
AT THE INTERBAND AND INTRABAND EXCITATIONS

The lifetimes of photoconductive decay carriers under interband and intraband excitations are
studied in epitazial layers of narrow-gap Hgi—o Cdy Te (x ~0.2). Samples with large distances
(>8 mm) between small-area electrical contacts and small distances (~10 pm) with large-
area contacts (THz antennas) are studied. The lifetimes of decay carriers for intraband and
interband excitations are measured and compared. It has been established that, in samples with
n-type conductivity, the lifetimes are comparable (in the interval of 40 ns) for both methods
of excitation. At the same time, in samples with a small distance between contacts and a
large area (bow-tie antennas), contacts make the main contribution to recombination. The
elimination of recombination at the contacts leads to a lifetime of ~107° s.
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1. Introduction

The mercury-cadmium-telluride (MCT, HgCdTe)
solid solutions are within the most studied semicon-
ductors and have found an important application in
the infrared (IR) device technology. The physics and
applications of the Hg; _,Cd,Te IR detectors and sys-
tems were summarized in a number of review pa-
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pers and books (see, e.g., [1—4]). The mechanisms of
the recombination of excess carriers in these semi-
conductors have an important influence on IR detec-
tors and, to a large extent, control their performance
[3, 5, 6]. Despite the fact that these mechanisms in
Hg;_,Cd,Te (z ~ 0.2 and  ~ 0.3) materials, as well
as in devices based on them, have been intensively
studied by various experimental methods [7-9]|, the
values of the lifetime published in the literature have
ranged from micro- to nanoseconds. The fact is that
the lifetime of excess carriers critically depends on the
quality of materials prepared by different techniques,
technology of IR devices on their base, and methods
of its measurement.

Under the condition of weak excitation, the effec-
tive total lifetime of excess carriers is determined by
several recombination mechanisms [1]:

11 11 -1, -1, -1 -1
Toot = Thulk T Teurt = Ta1 7747 T Trad tTru T Tomss (1)
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Fig. 1. Schematic cross section of investigated samples of
MBE grown MCT layers (a) and bow-tie antenna with MCT
sensitive area (b) [21]

where Tk and Teuf are the recombination times
in the bulk and at the surface of the semiconduc-
tor (here, at contacts), respectively, 741 and 747 are
the A1 and A7 interband Auger recombination mech-
anisms, Tyaq is the interband radiative recombination
mechanism, 7sgy is the Shockley-Read-Hall (SRH)
recombination via the states in the gap. It is assumed
that the Auger and radiative mechanisms are funda-
mental, while SRH and surface recombination depend
on the technologies of manufacturing the materials
and devices [1].

The Auger Al and A7 recombination mechanisms
are mainly considered for narrow-gap semiconductors
(as HgCdTe or InSb). For their realization, the low-
est threshold energy is required [10, 11]. The Auger
processes play an important role in limiting the per-
formance of HgCdTe infrared photodiodes, especially
when the energy band-gap is decreased, and the tem-
perature is increased [1, 2, 4]. The Shockley—Read—
Hall recombinationis are most important at low tem-
peratures. A number of deep levels of intrinsic defects
and impurities, which may be responsible for this
mechanism, were found for HgCdTe(see, e.g., [3, 8,
12-13]). With a sufficient decrease in the concentra-
tion of SRH recombination centers, this mechanism
together with the radiative mechanism remain the
fundamental limitation mechanism for the lifetime of
minority carriers, which defines the upper feasible de-
vice parameters [3, 6].

Among a large variety of methods [14] of getting the
lifetime of excess carriers, the different decay meth-
ods seem to be the most frequently applied. In these
methods, the excess carriers are generated by a pulse
of light with a turn-off time (falling time) shorter than
the lifetime to be measured. The photoconductivity
decay time can be measured by the direct observa-
tion of the resistivity or by the microwave method
(reflection or absorption of decaying free carrier con-
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centrations in a microwave spectral region) (see, e.g.,
[15-18]. The conductivity changes due to excess car-
riers excited by the microwave power were previously
used for measuring the lifetime of excess carriers in n-
type and p-type Hgy_,Cd,Te with x = 0.22 and 0.3
[19]. The photoconductivity decay was monitored by
measuring the microwave reflection. The important
advantage of this method is that the samples need
no special preparation, and the contact-resistance ef-
fects are eliminated. The lifetime values obtained by
the microwave reflection were found to agree well with
those obtained by the conventional photoconductive
decay over a wide range of lifetimes. However, the
microwave reflection technique requires the prior ap-
plication of surface passivation and, in fact, does not
account for the influence of contacts on the value of
lifetimes for the intraband excitation.

The goal of this research is the investigation of
the decay carrier lifetime 7 under the interband (the
band-gap F, < hv, where hv is the energy of a photon
under the excitation) and intraband (the band-gap
E, > hv) radiation excitations in HgCdTe photo-
conductors with various distances between the elec-
trical contacts and various areas of contacts. In the
case of the interband excitation, the decay of excess
carriers is observed as a change in the voltage on the
load resistance. In this work, the measurements were
carried out in the photoconductivity mode in order
to study the effect of metal contacts on the recom-
bination mechanism. In the samples with small dis-
tances between large-area contacts, the increase in
the recombination rates at contacts can arise leading
to the shortening of the decay times. An investigation
of the minority carrier lifetime in HgCdTe with differ-
ent geometries of electrical contacts is of importance
for the design of IR photoresistors, photodiodes, and
THz detectors devices.

2. Experiment and Discussion

The Hgy_,,Cd, Te (z ~ 0.2) compensated single crys-
tal films used for measuring the decay lifetimes were
grown by the molecular beam epitaxy (MBE) on
GaAs (013) substrates (see Fig. 1, a) [20].

The thickness of the infrared (IR) photosensitive
layers with the composition z = (0.20-0.22) was
d ~ (2.5-9.0) pym between ZnTe (0.01 pm) and
CdTe (5-7 pm) buffer layers and a thin intermedi-
ate layer with changing the chemical composition to
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z =~ 0.2 for eliminating the large lattice mismatch
between the HgCdTe photosensitive layer and (013)
GaAs substrate. To protect the photosensitive lay-
ers, the cover layers with variable composition gra-
dient (up to z ~ 0.5 and thickness D = 0.9 um)
were grown. This creates the electric field prevent-
ing the charge—carrier recombination at the interface
and a surface leakage current suppression [20]. The
typical electron mobility in the as-grown wafer was
within g ~ (6-9) x 10* ¢cm?/V -s. The recombina-
tion times 7 &~ (0.8-2) pus were obtained from con-
tactless SHF (super high frequency, cm wave-band)
radiation reflection decay measurements in large-area
wafers. The excess carriers were generated by a GaAs
laser (A &~ 0.92 pm) [22]. The estimated intrinsic
concentrations for these layers with x =~ 0.20-0.22
are: n;(80 K) a2 (1.2-0.2) x 10 cm~3 for the band-
gap E; ~ (0.084-0.11) eV and n;(300 K) ~ (6.0-
2.0) x 10'6 cm™3 for the band-gap E, ~ (0.155-
0.18) eV. There were chosen for the samples with rel-
atively high intrinsic concentrations N;, to satisfy the
conditions of free-carrier THz or microwave response
in MCT photoconductors [23].

For measuring the decay time under the interband
radiation excitation, we used the samples with long
distance between the electrical contacts to exclude
their influence on the carrier lifetime. For measur-
ing the decay recombination time in the THz or mi-
crowave spectral regions (intraband excitation), only
small-width sensitive layers (d ~ 10 pm) with metal
contacts in the form of bow-tie antennas to introduce
the radiation into the samples were used. To study
the influence of electrical contacts on recombination
times, the large-area contacts (antennas, Mo/In or
Mo/Au) were deposited on the active layers. To in-
troduce an electromagnetic radiation in THz and mi-
crowave spectral ranges (E, > hv), cap dielectric
layers were deleted by the wet etching in a bromine-
methanol solution.

2.1. Decay carrier lifetime
at the intraband excitation

In the decay lifetime experiments, we used the sam-
ples with bow-tie antennas with the spacing be-
tween blades d =~ 10 um (Fig. 1, b). Blades were
obtained by the dc magnetron sputtering of thin
(d ~ 700 A) molybdenum adhesive layers and the
subsequent evaporation of d ~ 1 pm indium or gold
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Fig. 2. The decay curve of photoresponse after the intraband
radiation excitation in the photoconductor with n-type conduc-
tivity, N(80 K) ~ 1.4 x 10" c¢cm~3. The radiation frequency
v = 70.05 GHz, T' =~ 80 K. The duration of a power impulse
from the microwave IMPATT source was about 100 ns, the rise
and fall times were not more than 5 ns. The distance between
contacts-antennas is ~10 pum (Fig. 1). The symbols (black
line) are the experimental photoresponse. The calculated de-
cay time of photoresponse (solid red line) is 7 &~ 30 ns. The
decay times (time-dependent sample resistance) was measured
by a TDS2022 Tektronix oscilloscope (analogous bandwidth of

200 MHz, the rise time <2.1 ns)

0,00

contact blade layers on MCT sensitive layers obtained
by the wet chemical etching of cap protective graded
band layers (Fig. 1, a). The dimensions of blade lay-
ers were about 2 mm in length used as antennas to
let the microwave radiation (v ~ 70.05 GHz) or THz
radiation (high-power THz molecular lasers pumped
by a transverse excited atmospheric TEA-CO4y with
hv = 0.617 and 1.07 THz), to be introduced in the
MCT sensitive layers of the area A ~ 10 x 50 pm.

For the excitation we used the microwave IMPATT
(impact ionization avalanche transit-time) diode
source with the radiation frequency v = 70.05 GHz
(hv =~ 2.9 x 107* eV < E,) and the impulse dura-
tion of (80-100) ns, with the rise and falling times
of not more than 5 ns. We applied bow-tie anten-
nas designed for the frequency range v ~ 300 GHz
the gain of which for this radiation frequency range
is G < 1. This means that only a small part of
the power P =~ 3.8 W from the microwave emit-
ter was introduced into the samples. The distribu-
tion of the power density I in the sample plane is
close to the Gauss one and can be approximated by

I(r) = Ipexp (—%), where 7 is the radial distance,
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Fig. 3. The laser pulse and response time in a photocon-
ductive compensated single crystal Hgo.799Cdg.201Te film, n-
type conductivity, N(80 K) ~ 1.4 x 10'* em™3. T = 300 K,
A =486 pum (v = 0.617 THz). Yellow line (1) represents the
laser impulse, and the green line (2) corresponds to the MCT
free-carrier photoconductor response.
contacts-antennas is =10 pm (Fig. 1)
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Fig. 4. The decay curve of photoresponse after the interband
radiation excitation in the photoconductor with n-type conduc-
tivity, N(80 K) ~ 1.4 x 10'* cm™3. T = 80 K. Semiconductor
GaAs laser, A = 0.88 um, the impulse duration ~70 ns, the
light pulse (at the level of 0.1) was about 30 ns. Oscilloscope
C1-70, bandwidth 50 MHz, rise time ~7 ns. The distance be-
tween contacts-antennas is 10 pm (Fig. 1). The black squares
are the experimental photoresponse and the calculated decay
time (Eq. (1)) (solid red line) is 7 =~ 39.3 ns

ro ~ 4 mm, Iy = P/(7r3) ~ 7.6 W/cm?. The detec-
tor load for both spectral ranges was 50 (2. For this
spectral range, the decay times are well described by
one time constant 7 =~ 33 ns (Fig. 2).
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The decay time can be well described by the equa-
tion

y = yo + Ay et/ (2)

where yo = 0.00062, xg = —59.5 ns, A; = 25.02835,
and 7 = 32.9 ns is the decay time.

As it was shown in [23, 24|, the electron heat-
ing by electromagnetic waves in bipolar Hg;_,Cd,Te
can be used for the designing of THz/sub-THz detec-
tors. The free-carrier photoresponse in the THz and
microwave spectral ranges of MCT layersis is related
to several mechanisms [24, 25]: the Dember effect
(photodiffusion effect) contribution, the thermoelec-
tromotive contribution, and the contribution associ-
ated with free carrier concentration changes.

At the intraband excitation, the observed lifetimes
are changing within the different ranges of several
tenths ns with the mean, over 8 samples, 7 ~ 43 ns.
This value of the lifetime explains the form of a re-
sponse of such samples showing a reiteration of the
impulse duration, which, for example, for a laser op-
erating at A = 280 pm (1.07 THz) was at least of
7 ~ 100 ns. The data on the response time under the
gas laser excitation at the wavelengths A = 280 um
(1.07 THz) and A = 486 pum (v = 0.617 THz) were
obtained for samples at 7' = 300 K (see Fig. 3).

2.2. Decay carrier lifetime
at the interband excitation

For the interband excitation of MCT sensitive struc-
tures, we used an GaAs laser diode operating at
the wavelength A = 0.88 ym (hv = 141 eV > E,
(MCT) ~0.1 eV at T = 80 K) with a pulse width
of =70 ns and the fall time duration to the level 0.1
of ~20 ns. The typical decay photoconductive curve
is showing Fig. 4. The decay curves were measured
by an oscilloscope with a bandwidth of 50 MHz (rise
time 10 ns).

The temperature dependences of the decay lifetime
of nonequilibrium charge carriers in the n- and p-type
samples of MBE grown Hg; . Cd,Te with a large dis-
tance between the contacts were measured. The inter-
band low-intensity excitation levels (An = Ap < ng
(An and Ap are the concentrations of nonequilib-
rium electrons and holes, respectively, and ng and pg
are the concentrations of equilibrium electrons and
holes) was used with a GaAs semiconductor laser
(hv = 1.4 €V). For the n-type MCT materials, the
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Auger recombination rates are determined by A1l pro-
cess (involving two electrons and one heavy hole) [10].

In n-type MBE-grown layers (z a~ 0.20-0.22) with
the electron concentration N ~ (1-10) x 104 em—3
with large distances between the small-area metallic
contacts at the temperature range T' = 80-300 K, the
well-known recombination mechanisms take place.
The CHCC (A1l Auger process) and SRH recombi-
nation (trap concentration N; ~ 1.5 x 10 cm™3),
are shown to be the basic recombination mechanisms.
The estimations were made for the carrier concentra-
tion N (80 K) =~ (1.2-0.2) x 10** ecm™3 for the band-
gap E,; ~ (0.85-0.11) ¢V, and N (300 K) ~ (2-4) x
x 10'6 ¢cm™3 for the band-gap E, ~ (0.15-0.18) eV.
At T < 140 K, the recombination times were within
7~ (1-2) x 1075 s quickly falling down to 7 ~ 107" s
at T ~ 250 K in n-type samples. Calculations of the
radiative recombination give much higher recombina-
tion times and were not taken into account.

In the p-type MBE-grown samples with the con-
centration of holes in the layers P = (2-8)x
x 1016 ¢cm™3, the estimated decay lifetimes at T =
=80 K are 7 ~ 2x10~8s. The CHLH Auger recombi-
nation (light hole, heavy hole, and electron involved,
A7 Auger process) and the SRH recombination via
defect states at the concentration of recombination
centers Ny ~ 3 x 10'® cm™3 are the principal recom-
bination mechanisms. At temperatures 7' > 120 K,
mainly the Auger-7 process prevails. The radiative re-
combination plays almost no role at any temperature.

The decay lifetimes 7 for samples with a short
distance between the metallic contacts-antennas
(Fig. 1, b), which were cut from the same MBE wafers
can be evaluated only approximately as the values of
7 obtained in 10 samples (7 ~ (25-40) ns) are ap-
proximately of the same order as the pulse width of
a GaAs laser (~30 ns). They are significantly lower
than the decay lifetimes (~1000 ns) in samples with
long distances between the contacts. Therefore, in
samples with a short distance between contacts, the
recombination at contacts defines the recombination
processes. The recombination lifetime estimated from
(1) is at most ~30 ns at the interband excitation. The
mean decay lifetime measured over 10 samples is
7~ 31 ns.

3. Conclusions

The photoconductive decay carrier lifetime measure-
ments in the narrow-gap Hg;_,Cd,Te (z =~ 0.2)

ISSN 2071-0194. Ukr. J. Phys. 2023. Vol. 68, No. 8

compensated single-crystal films with short distances
between large-area metallic contacts (=10 pm) un-
der the interband and intraband excitations (E, >
> hv) are measured. These experiments have shown
a significant lowering of the decay times in photocon-
ductive compensated single-crystal films compared
with those with long distances between the electri-
cal contacts. The results obtained assume that, in the
samples with short distances between the large-area
(bow-tie antennas) contacts, the decay carrier life-
times are influenced by the surface recombination at
contacts, giving the decay times ~30 times shorter
compared to the samples with long distances between
the contacts. The obtained results concerning an es-
tablishing lifetimes and the ratio between them for in-
terband and intraband excitations are important for
creating the dual-spectral detectors based on HgCdTe
for the IR and THz spectral ranges.
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YACU YKUTTS HOCIIB

SAPAOY Y BYSbKOHIIVIMHHOMY
Hg1--Cd;Te ITPU MIZKSBOHHOMY

TA BHYTPINITHBO30HHOMY 3BY/I>KEHHI

HocnizkeHno yacu XKUTTs cuagy dpOTONPOBIIHOCTI HOCITB 3apsi-
Iy IpU Mi’K30HHOMY Ta BHYTPIIITHBO30HHOMY 30y/I2KEHH] B eIli-
Takciiinux mapax By3bkomimuaHoro Hgp_,Cd;zTe (z ~ 0,2).
BuBuasiucs 3pa3ku 3 BeJIMKUMH Bijgcranamu (>3 MM) Mix este-
KTPUYIHUMH KOHTAKTaMH MaJIol IOl Ta MaJIMMH BiJCTaHSIME
(~10 Mxm™) 3 KorTakTamu Besukol wiomi (TT'y anrenn). Yacu
JKUATTSI HOCITB 3apsiy OyJI0 BUMIpPsSIHO P BHYTPIIIHBO30HHOMY
i mi>k3oHHOMY 30y/IKEHHI Ta 3pOOJIEHO MOPIBHAILHUI aHATI3.
Bceranosiieno, mo B 3paskax 3 N-THUIIOM IPOBIAHOCTI YacH »Ku-
TTs1 mopiBHAHI (B giamazoni 40 HC) myis 060X cocobiB 30y meKe-
HHsA. Y TOIi 2Ke 4Jac, y 3pa3Kax 3 MaJIolO BiJICTAHHIO MizK KOHTa~
KTaM¥ 1 BEJIMKOIO IUIONIEIO0 (METeJIMKOIOAIOHI aHTeHn) KOHTa-
KTU BHOCSTH OCHOBHHUII BHECOK y PeKOMOiHaIli0 HOCIIB 3apsiy.
YcyHeHHsI peKoMOiHallil Ha KOHTaKTaX IIPUBOIUTH 10 36isbIie-
HHs gacy xurtsa ~1076 c.

Karwwoei caoea: HgCdTe, gacu »KuTTsI, BHY TPIITHEO30HHE
i Mmi>k30HHE 30y/2KeHHs, BUIpoMinenHs y aianaszoni T
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