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Abstract
The temperature dependence of photoluminescence spectra has been studied for the HgCdTe epilayer. At low
temperatures, the signal has plenty of band-tail states and shallow/deep defects which makes it difficult to
evaluate the material bandgap. In most of the published reports, the photoluminescence spectrum containing
multiple peaks is analyzed using a Gaussian fit to a particular peak. However, the determination of the peak
position deviates from the energy gap value. Consequently, it may seem that a blue shift with increasing
temperature becomes apparent. In our approach, the main peak was fitted with the expression proportional
to the product of the joint density of states and the Boltzmann distribution function. The energy gap
determined on this basis coincides in the entire temperature range with the theoretical Hansen dependence
for the assumed Cd molar composition of the active layer. In addition, the result coincides well with the
bandgap energy determined on the basis of the cut-off wavelength at which the detector response drops to
50% of the peak value.
Keywords: infrared detectors, HgCdTe, photoluminescence, spectral responsivity, semiconductor energy
gap.
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1. Introduction

Detectors operating in the mid-wave infrared (MWIR) (3–5 μm) and long-wave infrared
(LWIR) (8–14 μm) range are used in many industries and science, which is related to the ab-
sorption spectrum of the atmosphere. Despite the development of competing technologies [1],
mercury-cadmium telluride (Hg1−𝑥Cd𝑥Te) is still the basic semiconductor for infrared (IR) de-
tectors in this spectral range [2]. Although this material has been studied since the 1960s, the
determination of the energy gap (𝐸𝑔) from experimental data is not described unequivocally in
the literature. This material shows the dependence of the band gap energy on temperature 𝑇 and
Cd molar composition 𝑥. Correct determination of the semiconductor energy gap is necessary for
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scientists designing IR devices and performing their numerical analyses. Several expressions on
𝑇 and 𝑥 dependences of the HgCdTe energy gap have been presented in the literature [3–6], and
the most commonly used is the empirical expression reported by Hansen et al. [7].

𝐸𝑔 (𝑥, 𝑇) = −0.302 + 1.93𝑥 − 0.81𝑥2 + 0.832𝑥3 + 5.35 × 10−4 (1 − 2𝑥)𝑇. (1)

It was developed on the basis of a variety of literature sources covering the ranges over 0 < 𝑥 <
and 4.2 K < 𝑇 < 300 K. The data used in the fitting of this expression were obtained from optical
absorption and magneto-optical experiments.

Apart from the Cd molar composition and temperature, the influence of defects, naturally
present in a certain density in narrow-bandgap HgCdTe, should also be highly considered during
the experiment. Photoluminescence (PL) is the key technique to investigate the band-to-band
(BtB), as well as defect-related transition in small-compositional HgCdTe, however, it causes
difficulties in the evaluation of the material bandgap. The relaxation process greatly favors low-
energy states, resulting in a significant PL signal and leading to a broadening of the PL spectra
at low temperatures. In addition, due to the narrow bandgap, the PL signal is affected by other
phenomena such as the free carrier emission, which in turn may overestimate the 𝐸𝑔 value at
high temperatures. Moreover, one should pay attention to what theory is used to analyze the PL
signal. In most of the published reports, a PL spectrum containing multiple peaks is analyzed
using a Gaussian fit to a particular peak [8–11]. However, it should then be assumed that the
carrier distribution function obeys the Boltzmann statistics, and the energy of electron density
maximum is related to the ideal material bandgap by a factor of 𝑘𝐵𝑇/2 for momentum non-
conserving transitions, where 𝑘𝐵 is the Boltzmann constant and 𝑇 is temperature. For momentum
non-conserving transitions, the shift of the PL peak with respect to the 𝐸𝑔 is equal to 2𝑘𝐵𝑇 . If
one estimates 𝐸𝑔 from the PL peak maximum, the results deviate from the theoretical Hansen’s
relation [11]. While the difference is not significant at low temperatures, at high temperatures
this inaccuracy increases. The determination of the energy gap from the PL measurements is
rather difficult also in III-V materials, including type II superlattices (T2SLs), where the PL peak
energy exhibits S-shape-like behavior – it is red-shifted at low temperatures due to the carrier
localization and blue-shifted at high temperatures due to the free carrier emission [12]. In this
case, photoreflectance seems to be the better method (PR) as it is able to probe excited states
and small oscillator strength transitions. PR is especially useful in analyzing optical transitions
in low-dimensional structures, such as quantum wells (QWs) [13–16].

Another method commonly used to determine the energy gap of a semiconductor is measuring
the spectral response (SR) of the detector. In general, 𝐸𝑔 can be safely associated with the
wavelength corresponding to the half-peak response value, 𝑖.𝑒. where the SR signal drops to 50%
of the peak value [17–19]. The exponential part of the SR for wavelengths greater than the cut-off
wavelength (less than 50% of the detector response) is related to the Urbach tail. Such assumption
is found in most of literature reports and is valid when the spectral roll-off is reasonably sharp.
However, it is not exact for LWIR detectors for which the spectral roll-off is rather soft due to the
fact that the penetration depth of the radiation is much greater than the thickness of the absorbers
used. The radiation losses due to too thin an absorber cause a drop in the quantum efficiency
(QE). Then, the use of the half-peak response value criteria overestimates the 𝐸𝑔 value. In such
cases, other cut-off wavelength criteria are used, 𝑒.𝑔. for 10% of the peak response value or at
the point of intersection of the tangent to the SR edge with the horizontal axis [20]. The latter
method, however, causes an underestimation of the 𝐸𝑔 when the Urbach tail is observed [21].

When determining the bandgap energy of a semiconductor, especially in the case of a narrow
bandgap semiconductor material with a large number of dopants and impurities, several indepen-
dent measurement methods should be used. In this paper, on the example of an MWIR HgCdTe
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heterostructure photodiode, we show how to determine the temperature dependence of energy
gap of the active layer using the two mentioned measurement methods. By comparing the PL
and SR signals on one graph it is possible to determine which of the peaks visible on the PL
spectrum came from the BtB transition. Then, analyzing the PL signal by a theoretical expression,
which takes into account the Boltzmann distribution function, the 𝐸𝑔 value can be determined.
This approach gives the 𝐸𝑔 temperature dependence in accordance with the theoretical Hansen’s
relation.

2. Theory of measurement methods

2.1. Responsivity

The SR of the photodetector is the wavelength range over which the detector is sensitive to
incident optical radiation. It is conceptually similar to QE, which gives the number of electron-
hole (e–h) pairs generated for every incoming photon. Ignoring the radiation reflection on the
semiconductor surface, the QE of the photodetector is given by [22].

𝑄𝐸 (𝜆) = 1 − exp [−𝛼(𝜆) · 𝑡] , (2)

where 𝛼(𝜆) is the absorption coefficient and t is the photodetector’s active layer thickness. When
all incident radiation is absorbed within the entire thickness of the absorber, the QE has an ideal
square shape (Fig. 1a). Otherwise, radiation losses are observed as a reduction in the QE.

Unlike the square shape of the ideal QE, the SR decreases at small photon wavelengths, at
which each photon has a high energy, according to the relation

𝑆𝑅(𝜆) = 𝜆

ℎ𝑐
𝑄𝐸 (𝜆) = 𝜆

1.238
𝑄𝐸 (𝜆), (3)

where ℎ is the Planck constant in [eV·s] and 𝑐 is the velocity of light, and 𝜆 is the wavelength
in [μm].

At long wavelengths, the SR is limited by the inability of the semiconductor to absorb photons
with energies below the band gap, and the SR suddenly drops to zero. This limit is the same as
for the QE curves and is called the cut-off wavelength, which is

𝜆cut-off = ℎ𝑐/𝐸𝑔 = 1.238/𝐸𝑔 , (4)

where 𝜆cut−off is in [μm] and 𝐸𝑔 is in [eV].
The Urbach tail is the exponential part in the SR for wavelengths larger than the cut-off

wavelength and is included in the absorption coefficient.

2.2. Photoluminescence

PL is the emission of light from a semiconductor after the absorption of photons. The PL
observation at a certain energy can be taken as an indication that an electron populated an excited
state associated with this transition energy. A theoretical approach to solving this problem is given
by the PL equations of semiconductors.

In ideal semiconductors, with no energy level within the band gap, electrons and holes
recombine from the conduction band (CB) and valence band (VB) extremes, respectively. The
energy of this transition is equal to the energy gap of the semiconductor. As presented in Fig. 1b,
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the PL intensity of this transition is proportional to the product of joint density of states and the
probability that the particle occupies a state with the energy 𝐸 [23–25]

𝐼PL (𝐸) = 𝐴
(
𝐸 − 𝐸𝑔

)𝑛 exp
(
−
(
𝐸 − 𝐸𝑔

)
/𝑘𝐵𝑇

)
, (5)

where 𝐴 is a scaling factor, and n is the parameter that can vary from 0.5 for the momentum
conserving to 2 for momentum non-conserving transitions [23]. Figure 1 also shows exemplary
values of the PL peak shift energy in relation to the bandgap energy, signed as Δ𝐸 , and the
full-width-half-maximum (FWHM) of the PL spectrum.

To incorporate an Urbach tail for below-band-edge emission, the following equation should
be used

𝐼PL (ℎ𝜈 ≤ 𝐸𝑐𝑟 ) = 𝐴𝐾 exp
(
𝜎

𝑘𝐵𝑇
(𝐸 − 𝐸𝑐𝑟 )

)
× exp

(
−
(
𝐸 − 𝐸𝑔

)
/𝑘𝐵𝑇

)
, (6)

where 𝐸𝑐𝑟 is the energy of the transition between Eqs. (3) and (4), K is a fixed parameter which
ensures the smoothness of the transition, and 𝜎 describes the slope of the Urbach tail.

a) b)

Fig. 1. Theoretical spectral response of photodiode (a) and photoluminescence spectra of a semiconductor epilayer (b).

3. Sample preparation and the measurement techniques

The analyzed HgCdTe epilayer was grown by a metal-organic chemical vapor deposition
(MOCVD) on the GaAs substrate. The structure is back-side illuminated, so IR radiation inci-
dences through the substrate which also makes it possible to produce an immersion lens that
increases the detector’s performance. Moreover, GaAs substrates are cheaper than, for example,
CdZnTe, which reduces production costs. However, the crystal lattice mismatch between the GaAs
substrate and the HgCdTe epitaxial layer requires the use of buffers – CdTe layers with a typical
thickness of 3 μm. The final HgCdTe heterostructure consists of several layers: N+/p/T/P+/n+. At
the very bottom is a heavily doped N+ contact layer with a composition of 𝑥 = 0.49. The typical
thickness is a few micrometers for low resistance, but for technological reasons associated with
the etching it was extended to 10 μm. Next, there is the p-type absorber with a composition of
𝑥 = 0.29 and an acceptor concentration assumed at the level of 4× 1015 cm−3 to overcompensate
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the donor-like background concentration. The thickness of the absorber is about 3 μm. The tran-
sient T layer is formed as a result of the specificity of MOCVD growth. It is the result of the
diffusion of the next 1 μm thick P+ layer with a composition significantly larger than that of the
absorber and the acceptor concentration at the mid-1017 cm−3. The n+ layer with a composition
lower than that of the absorber and donor concentration of about 1018 cm−3 is placed on top of
the entire heterostructure to improve the electrical contact. 1 um thickness ensures low resistance.

For the SR measurements, a mesa structure detector was fabricated (Fig. 2a) using a standard
processing procedure, including photolithography, wet chemical etching, metallization, cutting,
and assembling. The SR characteristics were measured using a Perkin Elmer FT-IR spectrometer
type Spectrum 2000. The detector was back-side illuminated and measured without biasing
voltage. The absolute current responsivity values, in [A/W], were obtained by a measuring station
composed of a lock-in analyzer, a monochromator, and a chopped 1,000 K blackbody. The SR
characteristics were measured in the temperature range from 100 K to 300 K with the detector
mounted in a liquid nitrogen cryostat.

For the PL measurements, the upper layers of the N+/p/T/P+/n+ heterostructure were removed
to collect the signal only from the active layer (see Fig. 2b). The successive n+, P+, and T layers
were chemically etched and the p-type absorber layer was exposed. A 637 nm laser, mechanically
chopped with a frequency of 100 Hz, was used as an excitation source. Measurements were made
in the temperature range from 20 K to 300 K with a constant excitation power of 200 mW. The
sample was in a helium cryostat with a temperature stabilization system. The PL signal was
measured in the step-scan mode with a lock-in amplifier.

a)

b)

Fig. 2. MWIR N+/p/T/P+/n+ HgCdTe heterostructure processed for spectral responsivity measurements (a)
and photoluminescence measurement setup with an HgCdTe sample (b).

4. Determination of the temperature-dependent energy gap

The measured SR as a function of wavelength in the temperature range from 100 K to 300 K
without biasing voltage for an HgCdTe heterostructure photodiode with the p-type HgCdTe
absorber is shown on Fig. 3.
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Fig. 3. Spectral characteristics of the MWIR N+/p/T/P+/n+ HgCdTe heterostructure photodiode
measured at various temperatures from 100 K to 300 K without biasing voltage.

At 230 K, the SR peak value is about 1.75 A/W at a wavelength of 3.8 μm. The cut-off
wavelength of the detector is defined by the absorbers’ composition. For the assumed value of
𝑥 = 0.298, the 𝜆cut−off at which the response drops to 50% of the peak value is equal to 4.4 μm
at 230 K. In turn, the Cd composition of the N+ layer determines the cut-on wavelength (𝜆cut−on)
of the detector. For the assumed value of 𝑥 = 0.49, the 𝜆cut−on at which the response increases
to 50% of the peak value, is equal to 2.3 μm at 230 K. As can be seen in the case of HgCdTe,
which is rarely found in semiconductor materials, the 𝜆cut−off shifts towards shorter wavelengths
as temperature increases, which means that the 𝐸𝑔 value increases with increasing temperature.

Figure 4 shows the temperature-dependent PL measurements recorded in the range from 20 K
to 300 K. At 20 K, the PL spectra are dominated by four peaks. Peak A has the highest PL
intensity, which decreases and widens with increasing temperature. The relation of the peak A
position and the energy gap calculation by using equation (5) exhibits that Peak A is due to the
BtB passing. The Boltzmann factor in equation (5) determines the high-energy edge of the PL
band, by which the fit to the shape of the A peak is particularly good at temperatures above 140 K.
At low temperatures, Peak B with a larger energy than Phaneak A, is visible at the high-energy
edge of Peak A. The PL Spectrum 4 also shows the transitions within the band gap, Peaks C and
D, which make it difficult to determine the fundamental bandgap [26].

As mentioned above, in most of the published reports, a PL spectrum containing multiple
peaks is analyzed applying a Gaussian fit to a particular peak. When we plot the PL peak versus
temperature (see Fig. 5a), we can see that Peak A does not coincide with the theoretical Hansen’s
relation, but is at 𝐸𝑔 + 𝑘𝐵𝑇/2. Consequently, it may seem that a blue shift with increasing
temperature becomes apparent. Thus, if one takes the correction for the 𝑘𝐵𝑇/2 factor, as shown
in Fig. 5b, Peak A corresponds well with the theoretical Hansen equation for 𝑥 = 0.298, and also
with the 𝐸𝑔 value determined on the basis of equation (5).

Taking the position of the remaining peaks minus 𝑘𝐵𝑇/2, it can be seen that the transitions
for these peaks are parallelly shifted by a certain energy value with respect to the 𝐸𝑔. The
transition energy of Peak B is of about 8 meV greater than the BtB transition (Peak A). The
transition energy of the peaks C and D is of about 8 meV and 16 meV below the BtB transition,
respectively. However, it should be noted that the nature of the remaining transitions was not the
subject of this work.
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Fig. 4. Temperature-dependent PL spectra of an Hg0.702Cd0.298Te epilayer
measured in the range from 20 K to 300 K.

a) b)

Fig. 5. Temperature dependence of the PL peak position (a) and the PL peak position with the correction for the 𝑘𝐵𝑇 /2
factor (b). The broken line is the HgCdTe bandgap calculated with the Hansen equation for 𝑥 = 0.298. Red open circles

indicate the energy gap determined by equation (5).
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5. Comparison of SR and PL signals

The determination of the fundamental bandgap has been confirmed by comparison of the
photoluminescence and current responsivity spectra on one plot. Figure 6 shows the relative
values of the PL and SR signals as a function of photon energy collected from the sample
analyzed above at three temperatures. The PL peak which corresponds to the bandgap was fitted
by equation (5). The 𝐸𝑔 value determined on this basis coincides well with the energy determined
on the basis of the cut-off wavelength at which the response drops to 50% of the peak value.

Fig. 6. Relative PL and SR signals as a function of the energy for an MWIR N+/p/T/P+/n+
HgCdTe heterostructure with Cd molar composition in the active layer of 𝑥 = 0.298
measured at 100 K, 180 K, and 300 K. The broken line is the fit by equation (5) to the PL

signal. Vertical lines indicate the energy gap determined by equation (5).

The comparison of the PL and SR signals was also performed for another HgCdTe sample.
The design of the heterostructure is similar to that shown in Fig. 2, but the detector was optimized
for a shorter wavelength range. The Cd molar composition in the active layer was assumed as
𝑥 = 0.305. The results of the comparison collected at two temperatures are shown in Fig. 7. The
PL spectrum has two visible peaks. By fitting the higher energy peak with equation (5), it can
be seen that it is related to the BtB transition. The bandgap energy corresponds to the value for
a half-peak of the SR signal. The low energy PL peak is contained in the Urbach tail on the SR
of the detector.
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Fig. 7. Relative PL and SR signals as a function of the energy for an MWIR N+/p/T/P+/n+
HgCdTe heterostructure with Cd molar composition in the active layer of 𝑥 = 0.305
measured at 200 K and 250 K. The broken line is the fit by equation (5) to the PL signal.

Vertical lines indicate the energy gap determined by equation (5).

6. Conclusions

Photoluminescence is a key technique to investigate optical transition in small-compositional
HgCdTe, however, it causes difficulties in evaluation of the material bandgap when the signal is
broadened. In the analyzed N+/p/T/P+/n+ HgCdTe heterostructure, four active radial transitions
are visible at low temperatures. To determine the energy gap of the active layer, the PL signal
was fitted with the theoretical expression which is the product of joint density of states and the
Boltzmann distribution function. This made it possible to determine the fundamental bandgap
value, as opposed to fitting with the Gaussian function which overestimates the 𝐸𝑔 by a factor of
𝑘𝐵𝑇/2 when the PL peak position is determined. In order to distinguish the main transition from
the others, the PL signal was compared with the spectral response of the detector. For different
temperatures analyzed, the 𝐸𝑔 value determined on from the PL measurements coincides well
with the bandgap energy determined on the basis of the cut-off wavelength at which the detector
response drops to 50% of the peak value. The 𝐸𝑔 values are also consistent with the Hansen’s
formula for the assumed Cd molar composition of the active layer.
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