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Abstract
We report on fabrication and characterization of infrared detectors made of a composite

material — PbTe/CdTe multilayer. The multilayer consists of 10 repetitions of 35 nm thick
PbTe layers and 75 nm thick CdTe layers grown by molecular beam epitaxy on GaAs (100)
semi-insulating substrates. Simple technological methods were used to manufacture
photoresistors from the structure containing the PbTe/CdTe composite. The front-side
illuminated photodetectors show a cut-off wavelength of 3.57 pym and a peak current
responsivity of 127 mA/W at 10 V bias voltage, frequency 730 Hz and temperature 300 K.
The specific detectivity of photoresistors at the peak wavelength of 2.9 um equals to 2.7x10'°
cm-Hz">/W and 6.1x10° cm-Hz"W for 77 and 300 K, respectively. Although the SL
photoresistors were not optimized, neither antireflection coated nor lithographically defined,
their detectivity, especially at room temperature, is high - comparable to that of
photoconducting infrared detectors available on the market. Possible mechanisms causing the
relatively high performance of PbTe/CdTe SL detectors have been discussed in details. These
are a decrease of the electron concentration in the conducting PbTe layers caused by capturing
of some mobile electrons by dangling bonds present at the PbTe/CdTe interfaces and the
effective suppression of the Auger recombination in nanostructures made of narrow and wide

bandgap semiconductors.
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Infrared radiation (IR) detectors are widely used in medical, security, military, and
commercial applications for various purposes, such as chemical gas analysis, gas leak
detection, infrared imaging, remote temperature measurements, etc. In particular, there is a
constant interest in applications, and thus the development of IR detectors operating at room
temperatures'™. The main purpose of this work is to present a material that is a very
promising candidate for highly sensitive room temperature infrared detectors. This material is
a composite consisting of PbTe and CdTe layers of nanometric thicknesses forming a
PbTe/CdTe multilayer . The PbTe/CdTe composite exhibits different properties than those of
component materials, in particular, of thin PbTe layers. For instance, electron concentration
in PbTe layers embedded in CdTe is at least by one order of magnitude lower than in pure
PbTe. The modified properties make PbTe/CdTe SL detectors highly sensitive to IR radiation
even at room temperature.

The idea of constructing IR detectors from a combination of narrow and wide bandgap
semiconductors is not new. It is based on observations that photosensitivity of IR detectors
made of pure narrow bandgap materials (including PbTe and its solid solution with SnTe), is
strongly limited by recombination processes of photo-excited carriers, in particular, by the
Auger recombination. On the other hand, in wide bandgap materials, such as GaAs® or CdTe®,
the much weaker Auger recombination plays a negligible role. In consequence, it has been
experimentally proven that the Auger recombination can be significantly suppressed when the
IR detectors are made of a combination of narrow and wide bandgap semiconductors. The
effect was demonstrated for such material systems as InAs/GaxInixSb’, HgTe/CdTe8,
HgxCdixTe/CdTe®, PbSe/CdS'® and recently PbSe/CdTe!l. The effective reduction of the
Auger recombination in PbSe/CdS and PbSe/CdTe devices results in a measurable spectral
photoresponse up to room temperature even when the IR sensitive single PbSe layer was very
thin'®!1.

Quantum structures made of a combination of PbTe and CdTe are have been studied
for some time. They exhibit unique and interesting features. First of all, the constituents are
almost complete immiscible. The immiscibility is a consequence of the fact that although
PbTe and CdTe crystallize in cubic crystal structures and have almost identical lattice
constants (0.646 and 0.648 nm, respectively), their crystal structures are completely different.
In the case of PbTe, it is the rock-salt structure and the zinc-blende structure in the case of
CdTe. Because of the immiscibility, both materials are unable to form an alloy. In a solid
solution, they tend to separate and form single-phase regions of pure PbTe and CdTe with

atomic-scale sharp interfaces between them. The lattice type mismatch results in numerous
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broken bonds located at the PbTe/CdTe interfaces. The immiscibility has been used for the
spontaneous creation of high-quality PbTe quantum dots (QDs) and quantum wells (QWs)
embedded in the CdTe matrix'>'”. A similar growth mechanism has been employed to form
CdTe antidots embedded in conducting PbTe layers. Such structures are important for

18,19

photoelectric  applications Morphology and thermally activated morphological

transformations of PbTe/CdTe multilayers were discussed in details in publications?%-22,

The next important property of the PbTe/CdTe material system is a large difference of
energy gaps (E¢™T°=0.32eV; EgC4T°=1.59¢V), as well as, type I band ordering, as confirmed
by x-ray photoemission spectroscopy?. Thus, background and photoexcited carriers are
strongly localized and confined in low-dimensional PbTe objects. This leads to an effective
IR luminescence from PbTe/CdTe QDs and QWs!”?°. The introduction of an array of such
PbTe QDs into a depletion layer of a CdTe p-n junction resulted in the first demonstration of
infrared electroluminescence at room temperature*.

In contrary to optical properties, transport properties of PbTe/CdTe quantum wells and
superlattices were not systematically studied so far. This is because electron concentration in
single PbTe/CdTe QWs appears to be surprisingly low, as will be shown below. At room
temperature typical electron carrier concentration in nominally undoped, bulk PbTe is in the
order of 10'%-10' cm™. In single PbTe layers embedded in CdTe, it decreases by orders of
magnitude and depends on the PbTe layer thickness. In addition, the carrier concentration
exponentially decreases with decreasing temperature making low-temperature transport
measurements very difficult. The reduction of the carrier concentration and its dependence on
temperature is probably caused by the capture of mobile carriers by dangling bonds located at
the PbTe/CdTe interfaces.

The investigated samples containing PbTe/CdTe multilayers were grown by molecular
beam epitaxy (MBE) on semi-insulating GaAs (100) substrates. The molecular fluxes of
elemental Pb, Cd, Te, and Zn were supplied from standard effusion cells. The CdTe layers
were deposited in a slight overpressure of Cd with beam equivalent pressures (BEP) for Cd
and Te of 1.1x107® and 1.0x10°® mbar, respectively. On the other hand, the growth of PbTe
requires Te rich conditions, so the BEP for Pb was kept at the value of 6.0x1077 mbar. The
MBE process was monitored in situ by reflection high energy electron diffraction (RHEED),
revealing sharp streaky patterns throughout entire growth, indicating good quality structures.
After thermal removal of the oxide layer protecting the GaAs (100) surface and cooling the
substrate in Zn flux to the growth temperature, the Te shutter was opened for 30 s to deposit

about 5 nm of ZnTe. The ultra-thin ZnTe buffer layer is necessary to reduce a huge lattice
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mismatch between GaAs and CdTe (13.6%) and to stabilize the further growth in the (100)
orientation. In the next 1800 s, 237 nm of CdTe was deposited. The main part of the samples
was a SL consisting of several repetitions of PbTe and CdTe layers. The SL was finally
capped by a 190 nm of CdTe. After the growth was finished, samples were immediately
cooled to room temperature. Samples with various numbers of repetitions and various
thicknesses of PbTe and CdTe layers were grown and studied. The applied fluxes and the
substrate temperature of 290 C result in the growth rate of 0.183 and 0.132 nm/s for PbTe and
CdTe, respectively. Since the various samples show qualitatively similar results, this report is
focused on the structure with 10 repetitions of 33 nm PbTe and 72 nm CdTe.

Before characterization by Transmission Electron Microscopy (TEM), the SL structure
was annealed for 10 min in the air at the temperature of 200 C to ensure that it is identical to
structures those used for optical measurements. The characterization by TEM was performed
with the FEI Titan Cube 80-300 microscope operating at 300 kV. For TEM investigation, the
electron transparent cross-section was prepared by the Focused Ion beam technique (FIB).
This process was performed using Helios Nanloab 600 dual-beam scanning microscope. Prior
cutting the protective 50 nm thick Pt-C layer was deposited from metalorganic source using
electrons and followed by a thicker layer about 1 um thick with assistance Ge ion focused
beam. Final thinning of lamela was done with Ga ion accelerate by 2kV potential. The
element sensitive STEM images was obtained using High Angle Angular Detector (HAADF)
with collecting angle of the scattered electron in the range of 80 - 200 mrad. Figure 1a shows
an overview of a 6 um long fragment of the SL heterostructure taken by STEM-HAADF at
low magnification. The period of SL calculated from STEM images is 106.5 +/- 0.8 nm, and it
is constant in the field of view. Figure 1b reveals the PbTe quantum wells are covered by
pairs of small, pyramidal structures which are located opposite one to each other on both sides
of CdTe barriers. No threading dislocations or stacking faults propagating to the SL are
visible in the ZnTe/CdTe buffer layer, which indicates that this kind of buffer is very
effective. High resolution STEM image presented in Figs. lc shows that the CdTe/PbTe
interface is are atomically flat at the scale of tens nanometers contrary to the PbTe/CdTe
interface where the atomic layer discontinuities, indicated by red arrows, are clearly visible.
Broken atomic bonds at the atomic layer discontinuities can effectively trap free electrons
from the PbTe quantum wells, thus decreasing their concentration.

The SL structure shown in Figure 1 was used to manufacture simple resistors. Firstly,
1x3 mm? bars were cleaved from the as-grown wafer. To provide electrical contacts at both

ends of the indium bars was soldered to the topmost CdTe cap layer. Subsequently, the bars
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with In contacts were annealed at 200 C for 10 min in an air atmosphere. The annealing
results not only in PbTe/CdTe intermixing shown in Fig.1b, but also it enhances diffusion of
In into the bulk of the samples, thus ensuring good electrical contacts to all 10 PbTe layers at

entire SL thickness.

200 nm GaAs 5.nm [~220]

Fig.1. Transmission electron microscope (TEM) images of the PbTe/CdTe multilayer
structure. Prior to TEM measurements the as-grown structure was annealed in air at 200 C for
10 min. a) STEM-HAADF image of 6 um long fragment of CdTe/PbTe SL; b) enlarged
fragment of the SL with the width corresponding to the frame in figure a; c) HR-STEM image
of one PbTe layer with the width corresponding to the frame in figure b, arrows point the
atomic monolayer discontinuities at PbTe/CdTe interface.

The photoelectric response of the resistors to infrared radiation was measured in a
wide spectral range by using an infrared spectrometer consisting of a M150 Solar Laser
System monochromator, a Newport 6363 IR light source and a Thorlabs mechanical chopper
with variable chopping frequency. The resistors were biased with a dc bias voltage up to 10
V. The photoinduced alternating current (AC) was amplified by a Femto Low Noise Current
Amplifier DLPCA-200 and measured by a Zurich Instruments MLFI SMHz lock-in amplifier.
The measurements were carried out in the temperature range 77-300 K and in the frequency
range 90-730 Hz. The MLFI lock-in amplifier was used for measurements of noise power

spectral density, which is needed for calculations of detectivity of the SL resistors.
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The spectral responsivity, Ri(A), of photoresistive sensors, defined as the ratio of the
photocurrent Iph(A) to the optical power Pop(R) hitting the active area of the device, is given by
the relation:

Ri = Lyn(D)/Pop (D), [A/W] ey
Figure 2 shows responsivity spectra, Ri(A), of a PbTe/CdTe SL photoresistor measured in the
spectral region 1.5 - 4.5 um at various temperatures from 77 to 300 K. The current
responsivity, Ri(A), is proportional to the dc bias voltage and it increases with the increasing
chopper frequency, the spectra shown in Fig 2 were taken at the highest bias and highest
frequency available in our experimental setup, 10 V and 730 Hz, respectively. Except of the
very strong H20 absorption band at 2.73 pm, in a wide spectral range from 1.75 to 3.25 pm,
the responsivity is almost constant, what indicates that the detector is flat. The shape of Ri(A)
changes very little with temperature, except for the long-wavelength edge, which flattens as
the temperature decreases. This flattening reflects the red-shift of the responsivity cut-off

wavelength, which is due by decreasing of the PbTe bandgap with decreasing temperature.
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Fig. 2. The current spectral Response, Ri(L), as a function of wavelength taken at 300 and 77
K. The measurements were carried out at 10 V dc bias and 730 Hz frequency. In the inset, the
temperature dependence of the peak current responsivity, Ri™®, at A=2.9 pm.

The peak current responsivity, Ri™*, of this device appears at the wavelength of 2.9 um and
equals to 127 mA/W at 300 K. In order to illustrate the temperature dependence of the
responsivity, in the inset to Fig. 2 the temperature behavior of the peak responsivity Ri™* is
shown. It is worth notice that the responsivity signal is the strongest at room temperature. It
decreases with the decreasing temperature reaching a minimum at about 200 K and increases
again at T <200 K. This is quite surprising since the responsivity of narrow bandgap

detectors usually strongly increases with the decreasing temperature reaching the highest
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values around the LN:> temperature. The unusual temperature dependence of responsivity
resembles the temperature dependence of the Auger recombination limited lifetime of
photoexcited carriers in bulk PbTe?. This may suggest that the responsivity of PbTe/CdTe SL

photoresistor is also limited by Auger recombination, as expected.
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Fig. 3. Spectral dependencies of specific detectivity and noise density (in the inset) at 77 and

300 K. The broken lines in the inset represent the theoretical values of thermal noise densities
at 77 and 300 K.

Having measured the responsivity spectra, Ri(A), one can calculate an external

quantum efficiency of the photoresistor by the equation':
n = R(DE;/q, 2)

where E, is the photon energy of detected light, and q is the electron charge. Substituting the
measured values of responsivity in Eq. (2), one obtains quantum efficiency values of 7 and
5% for 2.0 and 2.9 pm, respectively. The low values of the external quantum efficiency
results, at least in part, from a very strong reflection of IR radiation from the SL structure due
to the very large refractive index of PbTe, approaching n = 6 around A=3 pum.

The specific detectivity of the photoresistor, D”, plotted in Fig. 3, is calculated by the
well-known relation:

D = MR Rf—“ , [em x Hz"2/W] 3)

where A=0.01 cm? is the photosensitive surface area of the detector, Ri is spectral responsivity
expressed A/W, Af is the frequency bandwidth, Sn is noise spectral density expressed in units
of V/Hz!2, R is the resistance of the structure. The resistance of the device, R, was determined

from I-V characteristics measured at various temperatures. At high temperatures (T>240 K)
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the I-V curves are perfectly linear in entire bias range from -10 to +10 V. At lower
temperatures the linearity holds only for lower bias (-8V<V<+8V). For higher voltages the I-
V characteristics incline from straight line indicating that the resistance of the device slightly
increases with increasing bias. Nevertheless for calculation of D* we took the resistance at
zero bias according to the formula R=(dV/dI)v=0 . Such procedure resulted in resistance
values of 24 and 78 kQ for 300 and 77 K, respectively. The noise spectral density, Sn,
measured at 300 and 77 K is shown in the inset to Fig. 3. As expected, for low frequencies, Sn
strongly decreases with increasing frequency, and around 0.5-1.0 kHz reaches a minimum. At
730 Hz, the noise density is 50.3 and 31.5 nV/Hz"? at 300 K and 77K, respectively. These
values exceed the theoretical values of the thermal noise density, the dominant noise source in
resistors, by a factor of 3. However, the measured noise density in the SL resistor is not large,
which indicates the good quality of the electrical contacts. In consequence, the specific
detectivity of the photoresistor, D” at the wavelength of 2.9 um, equals to 6.1x10° and
2.7x10'° cm-Hz"»/W at 300 and 77K, respectively. In view of the fact that the noise spectral
density does not depend on the radiation wavelength, it is obvious that the detectivity

spectrum, D*(A), shown in Fig. 3, has the same shape as the spectral responsivity Ri(A), shown

in Fig. 2.
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Fig.4. Electron carrier concentration and electron mobility of the PbTe/CdTe multilayer
structure.

It is noteworthy that, despite the low spectral responsivity and external quantum
efficiency, detectivity, especially detectivity at room temperature, is relatively high. It is
comparable with detectivity of other IR detectors operating at room temperatures, particularly
those commercially available. For instance, detectivity of the PC-4 CdHgTe photoconductive

detector with the cut-off wavelength of 3.8 um produced by Vigo System Ltd. is
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3x10° cm-Hz"%/W at 300 K and increases to 3x10'° cm-Hz"?/W at 230 K?°. Photoconductive
InSb detectors offered by Hamamatsu (P6606) exhibit very similar detectivities; however,
their peak sensitivity occurs at longer wavelengths, 4-6 um?’.

In order to explain the relatively high detectivity of the PbTe/CdTe SL, electron
concentration and mobility were measured in a function of temperature. For transport
measurements the samples were cleaved to the form of 2 x 6 mm rectangles. Six Indium
contacts in a Hall bar-like configuration were soldered from the top. A standard, low-
frequency lock-in technique was applied for the resistance measurements. As shown in Fig.
4, above 100 K the SL exhibits a metallic-like conductivity with almost temperature-
independent carrier concentration high mobility of carriers. Taking into account the total
thickness of the 10 PbTe conducting channels forming the SL, 350 nm, the resulting three-
dimensional electron concentration equals to about 3x10'7 cm?. It is, thus, at least one order
of magnitude lower than in the case of undoped, bulk PbTe samples. The decrease of the
number of free electrons is probably caused by capturing them by dangling bonds which are
present at the PbTe/CdTe interfaces. Since the dielectric constant of PbTe is large (appr.1000)
and the conducting PbTe channels are thick (33 nm), potential fluctuations originating from
the charges captured at interfaces are effectively screened. The screening prevents scattering
of free electrons located in the center of the PbTe layers and assures their high mobility, even
at high temperatures. We are convinced that the observed high detectivity of PbTe/CdTe SL
photoresistors results from the reduced concentration of highly mobile electrons and the
reduced the Auger recombination in this kind of heterostructures.

In summary, we have shown that PbTe/CdTe multilayers are an attractive material for
the production of infrared radiation detectors. The photoresistors are containing the SLs
exhibit relatively high detectivities even at the room temperature. Optimizing the SL design,
using antireflection coating, and using lithography to define the active area is likely to further

increase detection performance.
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