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Abstract. A simulation procedure for analyzing the electrical and optical characteristics of an AlIGaN/GaN inter-
subband quantum well middle-wavelength infrared photodetector is presented. The photoconductive gain spect-
rum was simulated by coupling the drift-diffusion and capture-escape models in the active region of the device
structure and by ignoring the contribution of radiative emission. It was shown that the photodetector at zero bias
is sensitive over a spectral range from 4 to 6 um, with the peak absorption occurring at 4.64 um. The dependence
of the available photocurrent on both the wavelength and the angle of incidence of an unpolarized monochroma-
tic beam of light was also evaluated. An assessment of the dark current characteristics was estimated at various
temperatures.
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IKCIVIYATAIIMOHHBIE XAPAKTEPUCTHKH
NHPPAKPACHOI'O ®OTOAETEKTOPA,
NCHTIOJIB3YIOHEI'O MEXIIOA30HHBIE TEPEXO/1bI
B KBAHTOBBIX AMAX HA OCHOBE HUTPU A TAJIJINA
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Benopycckuii 2cocyoapecmeennulii yHugepcumem UHGOpMamuxy 4 paouosne KmpoHuKy
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Hocmynuna e peoaxyuro 22.12.2023

Annoranmst. [IpencrasieH METo MOJCTHPOBAHMS 3JICKTPHUCCKHX W ONTHYCCKUX XapaKTCPHCTHK HH(paKpac-
HOTO (POTOACTEKTOPA, UCTIOIB3YFOIIETO MEKITO30HHBIC IIEPEX0IbI B KBAHTOBBIX SIMAX HA OCHOBE T€TEPOCTPYKTY -
pst AlGaN/GaN. PaccunTan criektp k03((pHureHTa yCHICHHUS IIPHOOPA, IOy YCHHbIH B PE3yIbTAaTC YHCICHHO-
TO MOJCIHPOBaHH B paMKkax au(dy3noHHO-1pe(PoBOI MOTETN W MOACIH 3aXBaTa-PACCACHIBAHMS HOCHTEICH
C WTHOPHUPOBAHWEM BKJIAJA PAAMANHOHHON 3MuCCHM. [10KAa3aHO, YTO AMANA30H MOTIOMEHUS (POTONETEKTOPA
TIPH HYJICBOM CMCIICHHH HAXOAMTCS B MpeAenax oT 4 1o 6 MKM, IPH 3TOM IHUK MOTIOMICHHSI HAOIFOTAETCS
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mipu 4,64 mxM. [Ipou3BeaeH pacyeT 3aBUCHMOCTH JOCTYITHOTO (POTOTOKA OT JJIMHBI BOJHBI M VITIA IAJCHUS HE-
MOJLIPU30BAHHOTO MOHOXPOMATHYECKOTO CBETOBOTO JIy4a. BBIMOJHEHA OHEHKA TEMHOTO TOKA NMPH PA3IHYHBIX
TEeMIeparypax.

Karouennie ciioBa: HH(PpaKpaCHOS H3MYUCHHE, KBAHTOBAS SMA, MCKIOA30HHBIA MEPEX0, MOACTHPOBAHUE, MO-
JICTIb 3aXBATA-PACCACBIBAHMS, HUTPH/ TAJUTHS, ONTHUCCKOC YCHIICHHUE, OIITOICKTPOHIKA, MOLIOCHHE, (GoTome-
TEKTOP.

KondumkTt narepecoB. ABTOPHI 3aBILIFOT 00 OTCYTCTBHH KOH(IMKTA HHTEPECOB.

BaarogapaocTs. Pabota BRMOMHATACE B paMKax 3agauud 1.4.4 TocymapcTBCHHOM MpOTPaMMBI HAY YHBIX HCCIIC-
nmosaaui «L[H(ppoBBIC 1 KOCMHYICCKUC TCXHOJIOTHH, OC30IMACHOCTD YCI0BCKA, 00MICCTBA M TOCYIAPCTBAY.

st muruporannst. Bomaék, B. C. DkCrulyaTanmoHHBIC XApaKTCPUCTHKH HH(PAKPACHOTO (POTOICTECKTOpA,
HCHOJB3YIOMICTO MEKIOI30HHBIC TICPEXOOsI B KBAHTOBBIX AMAaX Ha oCHOBC HuTpuma rammg / B. C. Bomraek,
B. P. Cremmumkuii // Joxmaxst BI'VUP. 2024, T. 22, Ne 3. C. 69-75. http://dx.doi.org/10.35596/1729-7648-2024-
22-3-69-75.

Introduction

The development of infrared optoelectronic devices has been progressing steadily for many decades.
Infrared photodetectors are now actively employed in many technologically important applications such
as night vision, thermal imaging, environmental sensing and space object detection. Early infrared pho-
todetectors were primarily fabricated from InSb and HgCdTe [ 1] and utilized intraband transitions. These
two materials are suitable for devices operating in the middle-wavelength regime, with wavelengths
in arange from 2 to 5 um. The long-wavelength regime can be accessed only by HgCdTe photodetectors,
as their energy levels can be adjusted to absorb electromagnetic radiation in a range from 1 to 30 um.
Although this technology is considered well-established, poor material uniformity and low yield conti-
nue to be its major obstacles [2] on account of the naturally weak bond between mercury and tellurium
leading to various material instabilities. Moreover, the extreme toxicity of the constituent compounds
of HgCdTe photodetectors has recently become of growing concern [3]. These limiting factors provide
a strong motivation for exploring novel infrared technologies.

Quantum well infrared photodetectors (QWIPs) based on GaAs are promising optoelectronic devi-
ces due to the mature growth and processing technology. These photodetectors have demonstrated
consistent results in comparison with HgCdTe devices at low temperatures in the long- and very
long-wavelength regimes [4-6]. In later years, GaN technology has also been seen as a potential
candidate for developing QWIPs. Due to the large longitudinal optical phonon frequencies, GaN pho-
todetectors are capable to operate at terahertz frequencies that are fundamentally inaccessible to their
GaAs-based counterparts [7, 8].

The operation of QWIPs is based on the phenomenon of a quantum particle in a box. The geometry
and composition parameters for an alternate array of quantum wells and barriers can be set in such
a way that each well contains only one bound state and the sandwich-like device structure forms a super-
lattice with a quasi-continuum of extended states that carry finite momentum. Electrons from bound
states are excited by photons and transferred onto extended states where they generate a photocurrent.
The bound-to-extended state transitions are the basic absorption mechanism in QWIP systems and de-
termine both the photoconductive gain spectrum and the quantum efficiency. Among the most appealing
features of QWIPs is the possibility to tune the absorption spectrum by adjusting the thickness of quan-
tum wells and the alloy composition of barriers. However, a practical device structure should consist
of several tens of wells. This is quite challenging, since the ability to grow epitaxial films over large
thicknesses is still limited.

In this work, we present a simulation technique for analyzing the electrical and optical characte-
ristics of an AlGaN/GaN intersubband quantum well middle-wavelength infrared photodetector using
a well-known semiconductor device simulator.

Device structure

The two-dimensional AlGaN/GaN QWIP is schematically drawn in Fig. 1. The active region
of'the device structure is composed of alternate GaN quantum wells and wide band gap Al, ;3Ga, ;N bar-
riers. Each well is doped with a donor concentration of 5 - 10'° cm™, while each barrier, which should
ideally be intrinsic, are realistically doped with a donor concentration of 1 - 10'° cm™. The quantum
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well thickness is equal to 3 nm, a value determined by reducing the thickness until only one bound state
is available. A reasonably large thickness of 0.1 um is chosen for the barriers to decrease the interac-
tion between the bound states in adjacent quantum wells, thus allowing to regard them as independent
of each other. The top and bottom contact regions — emitter and collector, respectively — complete
the device structure and are mainly added to bias the active region. The thickness of each contact region
is 0.1 um. The emitter is doped with a donor concentration of 1 - 10'® cm™, while a donor concentration
of 1 - 10* cm is introduced to the collector. The width of the device structure is 0.2 um.

Fig. 1. Device structure

The spatial distribution of both the conduction band edge and the electron quasi-Fermi level
of the QWIP at a bias voltage of 0.4 V is shown in Fig 2, a. The bound states that play the role of the ini-
tial states for electrons in each quantum well are presented in Fig. 2, . The affinity values are set in ac-
cordance with the 0.7 rule [9].
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Fig, 2. Band diagram: ¢ — conduction band edge and electron quasi-Fermi level;
b — electron bound state wavefunctions

Since electron bound states oscillate with high magnitude, a mesh resolution of at least one tenth
of a micrometer is required to accurately depict their wavefunction profiles. Under such strict condi-
tions, simulation time becomes limited by computational capability. For that reason, instead of simula-
ting the full device structure consisting of several tens of quantum wells, we reduced the active region
to only three wells. This is utterly reasonable, assuming that the quantum wells do not affect each other
to a sufficiently good approximation. As a consequence, the total optical response of the wells can be ob-
tained simply by addition. The scaling down of'the active region also leads to the replacement of the qua-
si-continuum of extended states by a discrete spectrum. Since extended states also oscillate with high
magnitude, the convergence of optical transition matrix elements is heavily dependent on the mesh re-
solution. However, this has an effect only on the magnitude of the spectral response, as the convergence
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of its shape is fast at a much larger mesh spacing. Thus, the mesh plays a critical part in the accurate
evaluation of both the spectral range of detection and the wavelength of peak detection.

Simulation details

To simulate the optical characteristics of the photodetector, a physical model discretizing
the Schrédinger equation along the direction from the emitter to collector is assigned for the quantum
wells. A finite difference method is employed to solve this discretized equation.

To calculate the extended states over the active region, a superlattice model is activated. This model
also discretizes the Schrodinger equation, but the solutions at each energy must now satisfy the boun-
dary conditions of a plane wave with the same energy penetrating the contact regions.

A three-dimensional semi-classical photocurrent is constituted by the electrons with energy above
the barrier band edge. However, some of them are captured by bound states and then escape through
phonon emission and absorption, respectively. These two oppositely directed processes are simula-
ted by supplementing the drift-diffusion model with a capture-escape model, which uses the electron
capture time as a parameter. With the introduction of this model, the three-dimensional semi-classi-
cal and two-dimensional quantum-mechanical bound state densities become more balanced. The ulti-
mate set of Poisson, Schrodinger and drift-diffusion equations is solved until a self-consistent solution
is reached.

The device structure is illuminated at room temperature by a black body source placed at a distance
of 0.4 um from the emitter. The energy distribution in terms of the wavelength A of the electromagnetic
radiation emitted by a black body at a given temperature 7'is fully described by the Planck radiation law.
This light is absorbed in each quantum well through bound-to-extended state transitions. To simulate
the intersubband absorption of infrared radiation, the ¢lectromagnetic field is modelled as a plane wave
with a frequency ©® = 2nc/A, where ¢ is the speed of light. The transverse-magnetic gain coefficient,
which gives the quantity of photons with transverse-magnetic polarization produced by intersubband
transitions per unit length, is derived using Fermi’s golden rule:

en o r/2n)
= dmn
8= 2l E,, —ho) +(I/2)

“p ( [(/, - £,,)dE. (1)
where 7 is the real part of refractive index; € is the high-frequency permittivity; d,, , is the dipole
moment between the initial » and final m intersubband states; p is the two-dimensional density of trans-
verse states; [ is the line width due to Lorentzian broadening; £, is the difference between energies
of the initial £, and final E, intersubband states; / is the reduced Planck constant; f,, f,, are the Fer-
mi-Dirac distribution functions for the initial and final intersubband states integrated over the full trans-
verse energy range L.

The real part of refractive index for GaN is set to 2.38 [10] and is considered independent
of the wavelength. The imaginary part is assumed to be zero to exclude the background absorption
of light with transverse-electric polarization.

Results and discussion

The transverse-magnetic gain for each quantum well as a function of the wavelength is given
in Fig. 3, a. Since the gain is the negative of absorption (hence the minus sign in the ordinate axis),
it can be seen from the figure that the photodetector is sensitive over a spectral range from 4 to 6 um.
The absorption bandwidth approximately equals to 0.5 um and the absorption maximum is observed
at around 5.2 pm.

At room temperature, the extended states are expected to be almost empty of electrons due to weak
thermal excitation, thus resulting in a small dark current. The capture-escape transitions between these
states and the bound states are governed by multiple-phonon processes with a time constant of 1 - 10712 s,
A very small contribution to the dark current is also made by photon emission — the reverse mechanism
of photocurrent generation. The spectral resolution of the radiative capture rate is presented in Fig. 3, 5.
The integration of this value with respect to energy gives a time constant of 8 - 10712 s. Thus, we can
conclude that the radiative intersubband transitions are negligible in QWIPs.
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Fig. 3. Intersubband transitions: @ — transverse-magnetic gain vs. wavelength;
b — radiative capture rate vs. energy

The dark current of the QWIP as a function of the bias voltage at temperatures from 77 to 300 K
is shown in Fig. 4. The characteristics are plotted on a logarithmic scale to demonstrate their distinctive
form. As seen from the figure, the dark current is estimated at 10 ¥-10"* A/mm when no voltage is ap-
plied and exhibits close to lincar variation under all temperature conditions when the voltage is raised.
As the temperature grows from 77 to 300 K, the curves go up very rapidly due to intensifying thermal
excitation. For example, at a voltage of 0.4 V, the dark current increases from 3.4 - 10 % t0 5.4 - 10 *A/mm.
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Fig. 4. Dark current at various temperatures

The simulation results obtained when the wavelength of an unpolarized monochromatic beam
of light is varied while keeping its angle of incidence constant at 60° with respect to the normal are given
in Fig. 5, a. The QWIP is zero biased. As expected, the available photocurrent — the hypothetical photo-
current that would be observed if all the electromagnetic radiation absorbed were completely converted
into the electric current — has the form equivalent to that of the transverse-magnetic gain, since the only
absorption mechanism in the spectral range considered is the intersubband transitions. The maximum
available photocurrent of 8.48 - 10”7 A/mm is observed at 4.64 um. It should be noted that this ma-
ximum point is negatively shifted in the spectrum with respect to the peaks of the gain characteristics
because of the applied voltage in the latter case. Since the illuminating black body is closer to the first
quantum well, this well generates the bulk of the photocurrent. The available photocurrent as a function
of the angle of incidence calculated at a constant wavelength of 4.64 um is given in Fig. 5, . It is in-
teresting that the maximum of 8.87 - 10”7 A/mm occurs at 56° and not at right angle, in contrast to what
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could be intuitively expected. However, if all the reflections are simulated properly, it may turn out that

the beam of light travelling at some acute angle will propagate a shorter path inside the substance before
it interacts with the quantum well.
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Fig. 5. Spectral and angular response: a — available photocurrent vs. wavelength;
b — available photocurrent vs. angle of incidence
Conclusion

A simulation procedure for analyzing the electrical and optical characteristics of an AlGaN/GaN
intersubband QWIP operating in the middle-wavelength regime is presented in the article. The pho-
toconductive gain spectrum was simulated by coupling the drift-diffusion and capture-escape models
in the active region and by excluding the contribution of radiative intersubband transitions. The simula-
tion results showed that the photodetector at zero bias is sensitive over a spectral range from 4 to 6 pm,
with the maximum absorption being observed at 4.64 um. The spectral response of the available photo-
current allowed to conclude that the bound-to-extended state transitions are the only absorption mecha-
nism in QWIPs. The angular response of the available photocurrent showed that the maximum absorp-
tion can be achieved if the beam of light impinges on the quantum wells at some acute angle.
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