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Abstract The present work is devoted to the experimental investigation of the far-,
mid- and near-infrared photoconductivity related to the optical hole transitions involv-
ing acceptor states in GaAs/AlGaAs quantum wells. Photoconductivity spectra are
studied atlow lattice temperatures. It is shown that the main contribution to the far- and
mid-infrared photoconductivity is associated with the optical hole transitions from the
ground acceptor state to the delocalized states of the valence subbands, delocalized
states above the quantum well and to the excited states of the acceptors. The relaxation
times of impurity-assisted photocurrent in quantum wells were also studied. The ion-
ization energies of the acceptor impurity obtained by various experimental methods
are in a good agreement with theoretical calculations.

7.1 Introduction

Technological progress in opto- and nanoelectronics allows to develop devices oper-
ating in the near-, mid- and far-infrared (IR) spectral ranges for a wide range of
applications. Far-IR radiation can pass through a large number of different non-
conducting materials. This feature of radiation gives a promising list of applications
for devices based on it, for example, spectroscopy, astronomy, physical research of
materials, medicine and security systems, etc. [1]. The mid-infrared spectral range as
well as far-infrared one contains a large number of absorption lines of various gases
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and molecules that are important for gas and bio sensing technologies. In accor-
dance with the above, the development of sources and detectors operating in far- and
mid-infrared spectral ranges is a promising task nowadays.

To date, the most efficient and compact source of far- and mid-infrared radiation
is a quantum cascade laser [2, 3]. It has high enough output power, a fairly high
efficiency and, most importantly, it has a small physical size. Despite the fact that
quantum cascade lasers have several serious disadvantages, such as the complexity
of the technological manufacturing and, accordingly, the high cost, they remain the
most promising far- and mid-IR radiation sources.

The most well-proven detectors of far- and mid-IR radiation realized on semi-
conductors are based on intersubband optical transitions of charge carriers in 2D
nanostructures with quantum wells (so-called quantum well infrared photodetectors
(QWIP) [4, 5]) and interband optical transitions in bulk materials. The main diffi-
culty with using QWIPs is associated with the need to fulfill the conditions of the
selection rules for intersubband optical transitions according to which intersubband
optical transitions of charge carriers can occur only for the light polarized along the
growth axis of the structure. As aresult, it leads to a complication of the photodetector
structure design. Mid- and far-infrared photodetectors based on interband transitions
are realized on semiconductors with a very narrow energy gap, such as In,As;_,Sb
[6] and Hg,.Cd,_.Te [7] alloys. Having a high sensitivity such alloys are difficult
to grow as well as difficult to achieve the required doping profiles.

On the other hand, detection of infrared radiation can be realized with the use of
charge carrier transitions involving impurity states. For example, the effective detec-
tion of far- and mid-infrared radiation is realized with bulk Ge : Ga and Ge : Hg
photoresistors, respectively. The properties of impurities in bulk materials are com-
prehensively investigated to date. However, the energy spectrum of a certain impurity
in a bulk semiconductor remains unchanged without external influences. In quantum
well (QW) structures binding energy of an impurity center can be significantly varied
by changing the QW parameters. The position of the impurity center in QW and the
width of QW affect the energy spectrum of the impurity center [8]. Thus, doped
QWs could expand the operating spectral range of devices based on impurity-related
optical transitions. There is a significant amount of works related to the investiga-
tion of optical and photoelectrical properties of heterostructures with QWs doped
with donor impurity centers. For example, far-infrared absorption [9, 10], photocon-
ductivity [11, 12] and photoluminescence [12—-15] are studied in GaAs/AlGaAs
quantum wells doped with shallow donors.

The optical properties of acceptors in QWs have not been studied in detail due to
the non-trivial energy spectrum of acceptor and valence subband states. However, this
feature allows to significantly expand the spectral range in which various acceptor-
related optical phenomena can be observed. Moreover, p-type QWs have several
advantages over n-type QWs. Firstly, acceptors have higher binding energy, it can
even exceed the energy of optical phonons in GaAs. This can significantly increase
the lifetime of photoexcited charge carriers, which is important for the development
of mid- and far-infrared photodetectors. Secondly, according to the selection rules,
intersubband optical transitions in p-type QWs are possible for radiation with a
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polarization vector lying in the plane of the QW layers. This makes devices based
on such structures promising for detectors and modulators of infrared radiation [16].

The present work is devoted to the experimental investigation of the infrared
photoconductivity related to the optical hole transitions involving acceptor states in
GaAs/AlGaAs quantum wells.

7.2 Samples and Methods

200 GaAs/Aly4GapeAs quantum wells were MBE grown on a semi-insulating
GaAs substrate. Each QW was 3 nm wide; the barriers between QWs were 7 nm
wide. The central part of each QW (~ 0.7 nm) was doped with beryllium (acceptor)
with a surface concentration of about 10'! cm~2. For photoconductivity studies, the
ohmic indium contacts were deposited on the sample surface. The contacts were
annealed in a dry nitrogen atmosphere with smooth heating of the sample to 450 °C
for 5 minutes, then this temperature was maintained for 5 min, and then sample was
cooled to the room temperature for 5 min. The distance between the contacts was
5.1 mm, the length of the contacts was 5.8 mm.

The results of numerical calculations of the energy spectrum of acceptor states
and valence subbands of the structure under study were previously presented by
us in [17]. The system of differential equations for bulk semiconductors can be
solved analytically, but for the case under study with QW, the eigenvalues of the
Hamiltonian can be obtained only numerically, for example, by the finite difference
method [18] or using the transfer matrix formalism [19]. In [17], well-proven methods
were used for determining the energy of impurity levels by solving the Schrédinger
equation with the Luttinger-Kohn Hamiltonian with the addition of the confining
potential of the quantum well and the energy of the Coulomb interaction with a
charged acceptor [20]. The calculated energy spectrum of valence subbands and
acceptor states for a 3 nm wide GaAs/Aly4GapgAs QW is shown in Fig. 7.1. In
the calculations, it was assumed that the impurity is located in the center of the QW.
In [19] the momentum-dependent decomposition coefficients were used to calculate
the optical matrix elements of the hole transitions from localized acceptor states
to higher energy states in QW in dipole approximation. Calculated spectral and
polarization dependencies of the infrared optical absorption due to photoionization
of acceptors were verified by experimentally measured impurity-assisted absorption
for two polarizations of light [17]. In this work, we continue the investigations of
impurity-assisted optical transitions in p-doped Ga As/Aly4Gag¢As quantum wells
started in [17].

Experimental studies were performed using the Bruker Vertex 80v vacuum Fourier
transform spectrometer operating in a rapid- or step-scan mode (see scheme of the
experiment presented in Fig. 7.2) with spectral resolution of about 1 meV. The spec-
trometer was equipped with a Mylar, K Br or CaF, beam splitters (BMS) for the
far-infrared, mid-infrared and near-infrared studies, respectively. A globar was used
as a source of broadband infrared radiation. For good heat dissipation, the sample
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Fig. 7.1 Calculated energy spectrum of acceptor states and valence band subbands for a
GaAs/AlpaGapeAs QW of 3 nm wide. Blue curve corresponds to the first hole subband (hh—
heavy holes), and red one corresponds to the second hole subband (/4—Ilight holes). The extension
of impurity levels is shown schematically with solid and dashed horizontal lines without considering
the degree of localization of impurity states in the k-space
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Fig. 7.2 Experimental setup scheme for investigation of the photoconductivity spectra

was indium-soldered to a copper holder of a Janis PTCM-4-7 closed-cycle optical
cryostat with an operating temperature range of 4 — 320 K. The entrance window
of the cryostat was made of K Br or TPX for mid-infrared and far-infrared stud-
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ies, respectively. The sample in the cryostat was shielded all around from external
background radiation to prevent undesirable photoionization of impurities.

Photoconductivity measurements were carried out under 5 V bias voltage applied
to the sample using a SR-570 current preamplifier. The light from the globar passed
through the interferometer of the Fourier spectrometer and then was modulated with
an optical chopper. Infrared radiation was directed to the sample through a cold
polished stainless steel pipe of a 5 mm diameter. A chopper was synchronized with
lock-in amplifier SR-830. The photocurrent from the sample was registered by the
above-mentioned SR-570 current preamplifier, and then measured by lock-in ampli-
fier SR-830. This signal after analog-digital converter (ADC) was accumulated in
personal computer (PC), where obtained interferogram was converted to spectrum
by Fourier transform in OPUS software.

7.3 Experimental Results

7.3.1 Photoconductivity Spectra

The interband photoconductivity spectra of the GaAs/Aly4GagcAs quantum well
structure in the near-IR spectral range at various cryogenic temperatures are shown
in Fig. 7.3. The photocurrent increases at the photon energy close to the GaAs
energy gap value, which corresponds to the interband transitions of charge carriers
in GaAs (marked with arrow E, in Fig. 7.3). It is associated with the contribution
to the photocurrent from the GaAs substrate and the p — GaAs cap layer of the
nanostructure. We observed in the photoconductivity spectra two dips corresponding
to the photon energies of optical transitions associated with formation of heavy h X
and light /X free excitons in QW (the corresponding photon energies are shown
with arrows in Fig. 7.3). Photon energy values for these optical transitions were
obtained using free heavy and light exciton binding energies as 10 meV and 13 meV,
respectively, calculated in [21]. Spectral position of heavy free exciton line was also
verified by low-temperature near-infrared photoluminescence studies (see inset to
Fig. 7.3). These excitons are formed by charge carriers located in the ground QW
subbands. The total photocurrent of the structure decreases at the 2X and /X photon
energies at rather low crystal lattice temperatures because excitons with such high
binding energies cannot contribute to the photocurrent. The positive contribution of
excitons to the photocurrent may be observed at higher lattice temperatures, when the
energy of thermal motion of charge carriers is comparable to the binding energy of the
exciton. In this case, the excitons formed under the action of radiation can contribute
to the photocurrent due to thermal dissociation into a nonequilibrium electrons and
holes in the subbands of the conduction and valence bands. The luminescence band
related to the optical transitions of electrons from the first electron subband to the
ground acceptor state was also observed in the near-infrared photoluminescence
spectrum (see inset to Fig. 7.3). The arrow el — Al in inset to Fig. 7.3 shows the
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Fig. 7.3 Spectra of interband near-infrared photoconductivity at different temperatures. The inset
shows near-infrared photoluminescence spectrum measured at 7 = 4 K

calculated position of the energy of optical electron transition from the first electron
subband to the ground state of acceptor impurity. It should be noted that contribution
of the optical transitions of charge carriers from the acceptor states to the first electron
subbands was not revealed in the near-infrared photoconductivity spectra because
in equilibrium the acceptor states are unoccupied by electrons at low crystal lattice
temperatures.

The long-wavelength part of the photoconductivity spectra (photon energy below
1700 meV) is related to the charge carriers generated in the near-surface heavily
doped (near the critical acceptor concentration for Mott transition) Ga As cap layer as
well as in semi-insulating compensated Ga As substrate, which contains substantial
concentration of ionized donors. At low temperatures, ionized impurity scattering is
the main scattering mechanism indoped GaAs [22]. With increasing temperature,
the intensity of the impurity scattering decreases, which leads to an increase in the
mobility of photoexcited charge carriers and to an increase in photoconductivity
with temperature. The inverse temperature dependence of photoconductivity at high
photon energies (photon energies above 1750 meV) can be explained by the fact that
layers with quantum wells make a significant contribution to photoconductivity in
this spectral region. At low temperatures, the acceptors in quantum wells are non-
ionized and the mobility of charge carriers is determined by phonon scattering, the
intensity of which increases with temperature.

The impurity-assisted time-resolved photoconductivity spectra were measured in
step-scan mode of Fourier-spectrometer in mid-infrared spectral range. The time-
resolved photoconductivity spectra at 7 = 4 K are shown in Fig. 7.4. Photoconduc-
tivity spectra at the liquid helium temperature were also measured in rapid scan mode
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Fig. 7.4 Time-resolved spectra of impurity-assisted photoconductivity in the mid-IR range at 7 =
7 K. Inset: photocurrent dynamic at the photon energy of 150 meV

of the Fourier-transform spectrometer for different values of scanning velocity f of
the interferometer. The results are shown in the Fig. 7.5. It should be noted that cur-
rent preamplifier bandwidth was of about 1 MHz. The wide peak observed near the
photon energy of 205 meV is associated with the optical transitions of holes from the
ground acceptor state A1 to the continuum states above the QW. The small shoulder
in the photocurrent at a photon energy of about 240 meV could be associated with
the contribution of deep impurity centers in the layers of the nanostructure to the
photocurrent [23] or with some features of joint density of states for hole transitions.
We associate the photocurrent peak at the photon energy of about 150 meV with
optical transitions of holes from the ground impurity state Al to the bottom of the
third hole subband (or the second subband of heavy holes #A2, which is not shown
in Fig. 7.1). It is important to note that in the calculation presented in Fig. 7.1, we
used the expansion of the hole wave function in the states of the first two valence
subbands only. So, in order to obtain third hole subband #h2 we used the standard
solution of the Schrodinger equation in the framework of the parabolic model. The
photocurrent peak at the photon energy of about 90 meV (see Fig. 7.5) is associated
with the optical transitions of holes from the ground state of acceptor impurity A1 to
states near the bottom of the second hole subband /i1 near kj = 0 (arrow Al — [Al
in Fig. 7.1). In general, from Fig. 7.5 it is clearly seen that with an increase in the
scanning speed of the interferometer, the intensity of the photocurrent decreases. It is
connected with finite relaxation time of holes from the valence subbands and excited
impurity states to the ground impurity states. This time is estimated as a few mil-
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Fig. 7.5 Impurity-assisted
photoconductivity spectra in
the mid-IR range at 7 =7 K
for different scanning
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liseconds. Also, this time can be obtained from the time-resolved spectrum (see Fig.
7.4). We approximated the photocurrent dynamics (see inset to Fig. 7.4 for photon
energy of about 150 meV) with an expression derived from the rate equation:

I=I)(1+A-exp(t/7)), (7.1)
where /—photocurrent intensity; Iy and A—fitting parameters; t—relaxation time.
Using this approximation method, we got relaxation times for three observed opti-
cal transitions in the range of 0.58-0.67 ms. The obtained relaxation time for the
acceptor-related optical transitions is quite large. It can be related to the large bind-
ing energy of acceptors in our 3 nm wide quantum wells. The calculated value of
acceptor binding energy is about 40 meV, that exceeds the GaAs optical phonon
energy resulting in a significant suppression of the carrier capture to acceptor with
optical photon scattering. It also should be noted that in semi-insulating Ga As, the
relaxation time for optical transitions of electrons from the conduction band to the
ground acceptor state at low crystal lattice temperatures is about tens microseconds
or more [24].

We also measured the spectra of impurity-assisted photoconductivity in the mid-
IR spectral range for different cryogenic temperatures from 4 K with a step of 2 K.
All photocurrent peaks gradually decrease and at a temperature of about 30 K the
photocurrent disappears due to impurity ionization. The reference samples without
QWs did not exhibit any features in the photocurrent spectra. This confirms that
all the features observed in the mid-infrared photoconductivity spectra of QWs are
associated with impurity transitions in QWs and agrees well with theoretical calcu-
lations.

The far-infrared impurity-assisted photoconductivity spectra are shown in the Fig.
7.6 for different lattice temperatures. The wide long-wavelength peak near a photon
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energy of about 20 meV is associated with the optical hole transitions from the
ground acceptor state A1 to the first excited state of the acceptor A2 (arrow A1 — A2
in Fig. 7.1). These excited carriers in A2 state can contribute to the photocurrent
due to thermal ejection into the first subband of the valence band Ak 1. The peak in
photoconductivity spectra located near the photon energy of about 40 meV could be
associated with the hole transitions from the ground state of the acceptor impurity A1l
to the first subband of heavy holes 4h1, which also agrees well with the calculated
value of the acceptor binding energy (arrow A1 — hh1 in Fig. 7.1). The photocurrent
peak at the photon energy of about 60 meV is associated with intracenter optical
transitions of holes between the ground state of the impurity A1 and the impurity
states located below the second hole subband /A1 (arrow A1 — An in Fig. 7.1). All
photocurrent peaks gradually decrease with temperature and at the temperature of
about 15 K the photoconductivity disappear due to impurity ionization.

7.3.2 Temperature Dependence of Electroconductivity

It was shown above that investigations of photoconductivity have confirmed our
calculation of the energy spectrum of impurity states and the band diagram of QWs.
Additionally, we have determined the binding energy of acceptors in the QW from
the analysis of the temperature dependence of the electroconductivity o (see red
dots in Fig. 7.7). Firstly, we assumed that electroconductivity is proportional to the
concentration of ionized holes in the valence band. This is correct if the hole mobility
is assumed to be temperature independent. Secondly, it was important to consider that
hole gas is non-degenerate. To prove this, let’s find the temperature dependence of the
concentration. In the impurity conductivity range, two-dimensional concentration of
ionized holes in the valence band n; can be written as [25]
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Fig. 7.7 Temperature
dependence of
electroconductivity. Red
dots—experimental data,
blue line—theoretical
calculations according to Eq. n
(7.6). Inset: calculated S 0.2
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where N 4—concentration of acceptors, N,—concentration of unionized holes at the
impurity levels. The hole concentration at acceptor levels according to the Fermi

statistics is
Ny
N;, = (7.3)

1+ﬂexp(%)’

where B—impurity degeneracy factor of the ground acceptor state, equal to 4 for
holes in the QW; E 4—ionization energy of an acceptor impurity; u—Fermi energy.
Substituting expression (7.3) into (7.2) one can obtain the Fermi energy

M:—EA—len<;SIB>, 7.4)

h

It is also known that for the two-dimensional Fermi-Dirac statistics, Fermi energy
can be written as
n
M:len(exp[ S]—l), (7.5)
Ny

where Ny = mkT/ (rr hz) is the two-dimensional effective density of states in
valence subband, m—effective mass of holes. Equating u from (7.4) and (7.5), we
obtain the relationship between concentration of ionized holes in the valence band
n and temperature with E4 as parameter

Ex\ g I:nsi|_l 16
eXp(k_T)WNA—ns)ﬂ (exp Ny ) 7.9
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Using Eq. (7.6) and assuming that o (T') ~ n, (T) we plotted dependence o (T')
(see blue line in Fig. 7.7) with fitting parameter £, = 40 meV. It gives the best
fit between the experimental and calculated data. Also, from Eq. (7.6) we received
dependence n; (T) (see black line in the inset to Fig. 7.7). One can see that concen-
tration of free holes n; is much less than the effective density of states Ny in the hole
subband. This confirms that the hole gas is non-degenerate.

The value of the acceptor ionization energy obtained from o (7') is compatible
with calculated one (see Fig. 7.1) and with values obtained from near-infrared pho-
toluminescence (see inset to Fig. 7.3) and far-infrared photoconductivity studies (see
Fig. 7.6). Also, the obtained ionization energy of acceptors in the QW is in a good
agreement with the results of other authors [26, 27].

7.4 Conclusion

The results of studies of low-temperature acceptor-assisted photoconductivity of
p — GaAs/AlGaAs QW were presented in the near-, mid- and far-infrared spec-
tral ranges. The mid- and far-infrared photoconductivity spectra contain the bands
associated with the hole transitions from the ground acceptor state to the delocalized
states of the valence subbands, delocalized states above the QW and to the excited
states of the acceptor. The features of near-infrared photoluminescence and photo-
conductivity spectra are related to the interband optical transitions with assistance
of impurities as well as with exciton transitions. Time-resolved photoconductivity
spectra allowed us to find the relaxation time of impurity-assisted transitions. The
ionization energies of the acceptor impurity determined by various experimental
methods are in a good agreement with theoretical calculations.
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