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Inhomogeneous GalnNAs quantum wells: their properties
and utilization for improving of p-i-n and p-n junction
photodetectors
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A theoretical study of electronic structures and optical properties of GaInNAs/GaAs quantum wells has been performed.
The inhomogeneous distributions of indium and nitrogen atoms along the growth direction were discussed as the main factors
having significant impact on the QWs absorption efficiency. The study was performed by applying the band anticrossing model
combined with the envelope function formalism and based on the material parameters which can be found in the literature.
Indeed, the electronic band structure of 15 nm thick uniform Gag 7Ing3Ng 02As0.98/GaAs QW was computed together with
electronic structures of several types of inhomogeneous QWs, with the same total content of In and N atoms. It was found
that presented inhomogeneities lead to significant quantum wells potential modifications and thus to spatial separation of the
electrons and holes wave functions. On the other hand, these changes have a significant impact on the absorption coefficient
behavior. This influence has been studied on the basis of simulated photoreflectance spectra, which probe the absorption tran-
sitions between QW energy subbands. The electronic structure of inhomogeneous QWs under the influence of electric field has
also been studied. Two different senses of electric field vector (of p-i-n and n-i-p junctions) have been considered and thus, the
improvement of such types of QWs-photodetectors based on inhomogeneous GalnNAs QWs has been proposed.
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1. Introduction or InP), which are commonly used

in the optoelectronic devices technology. However,

In and N containing GaAs bulk and related
quantum wells (QWs) were considered as potential
candidates in optoelectronic devices applications,
e.g. in solar cells [1], photodetectors [2, 3] and
lasers [4, 5], also for optical fiber communications.
The unusual influence of nitrogen on the electronic
band structure of GalnNAs alloys, essentially the
large band gap reduction [6, 7] results in a wide
range of applications of such material. Over the
last few years, the growth of GalnNAs alloys has
been demonstrated by both metalorganic vapor
phase epitaxy (MOVPE) and molecular beam epi-
taxy (MBE), and significant improvement of

GalnNAs  optical and  structural  qual-
ity was achieved [4, 5, 8]. Moreover,
these alloys can ensure the possibility of
matching to several substrates (e.g. GaAs
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in case of more advanced devices, engineering of
carrier confinement potential, densities of states
and carrier dynamics forced the use of unmatched
GalnNAs layers in a form of quantum wells. In
addition, more complex alloys, like GalInNAsSb,
are also considered for longer emission and devices
improvement [9, 10]. However, the increase of
N content in GalnNAs epitaxial layers requires
much lower growth temperatures and significantly
higher concentrations of the nitrogen source
material in epitaxial reactors [8, 11]. Such growth
conditions cause strong degradation of their optical
properties [12, 13]. The deterioration of crystalline
quality of low-temperature crystallized GalnNAs
layers can be partially reversed by means of rapid
thermal annealing (RTA) or optical annealing
(OA) [8, 9]. The nitrogen related point defects,
which are results of strong growth condition
modifications, are often mentioned as a main
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reason of material quality deterioration. Moreover,
in the literature, it can be found that the metasta-
bility of GalnNAs alloys leads to strong phase
segregation [14-16] and interdiffusion [17, 18].
However, not many attempts in calculating the
influence of composition inhomogeneity on the
optical transitions in dilute nitride based systems
are given in the literature [18]. Consideration of
these types of structural changes, especially in case
of quantum wells layers, can be a key point in the
optoelectronic devices improvement. Therefore,
it is really important to undertake all possible
measures to improve absorption characteristics of
optoelectronic devices, what was also a motivation
for the analysis of the influence of structural inho-
mogeneities on the properties of GalnNAs/GaAs
quantum wells.

2. Theoretical approach

The calculations of QWs energy band structure
were performed within the framework of the usual
envelope function approximation and with neglect-
ing excitonic effect [19, 20]. In the performed cal-
culation, relative position of bands in heterostruc-
tures was based on experimentally obtained param-
eters representing absolute valence band position
as well as on the calculated value of band gap of
each material. All necessary parameters of multi-
component alloys were estimated using simple for-
mula for linear approximation (Vegard law) [21].
The change of the band gap of InGaAs alloy was
calculated according to a nonlinear approximation
considering the bowing parameter. The band anti-
crossing model was applied in order to calculate the
changes of the conduction band of GalnNAs due to
the presence of nitrogen atoms in the alloy [22].
The effect of electron effective mass increase for
nitrogen containing materials has also been calcu-
lated in accordance with BAC model. According
to that model it was assumed that the influence of
nitrogen localized states on the valence band struc-
ture is neglected and the effective mass of the light
and heavy holes does not change due to the pres-
ence of nitrogen atoms in the crystal. Neverthe-
less, the biaxial strain was calculated based on the
Pikus-Bir Hamiltonian and the energy shifts and

splitting of the valence band into heavy and light
holes, caused by hydrostatic and shear stresses,
were also considered. The necessary material pa-
rameters, such as valence band energy, elastic stift-
ness constants, deformation potentials, lattice pa-
rameters, nitrogen and host matrix energies and in-
teraction parameters as well as bowing parameters,
were taken from the literature [21, 23]. The numer-
ical matrix methods and Sturm-Martin-Dean algo-
rithm were applied in order to solve Schrodinger
equation and to calculate eigenvalues and eigen-
vectors [24, 25]. More detailed information about
utilized band structures calculations can be found
in the author’s earlier work [16].

3. QWs composition profiles

In order to investigate different types of inho-
mogeneities of the GaInNAs QWs on their prop-
erties, several profiles of indium and nitrogen dis-
tributions along the growth direction of the wells
have been considered. However, the exact com-
parative analysis of electronic and optical proper-
ties of the GaInNAs/GaAs quantum wells requires
specifying the common features of analyzed struc-
tures. For this purpose, the total indium and ni-
trogen contents in all considered QWs have been
set constant. It means, that in case of all consid-
ered structures, the values of integrals, which rep-
resent the surface area under the In or N com-
positions profiles, are equal. This assumption al-
lows one to investigate only the influence of the
composition profiles changes on the QWs proper-
ties. All assumed profiles of composition were pre-
sented in Fig. 1. As a reference structure “Uniform”
Gag 7Ing 3Np 02 Asg.9s/GaAs quantum well has been
considered (Fig. 1a). The other constructions of the
structures with inhomogeneous QWs (Fig. 1b to
Fig. 1e) have been assigned as a “Error QW”, “Lin-
ear QW”, “Exponential QW” and “Real QW”. In
case of “Error QW” the only interdiffusions of In
and N atoms have been considered, which resulted
in small QW broadening. The diffusion lengths of
0.75 nm for nitrogen and indium have been as-
sumed the same. The changes in composition pro-
files at the interfaces (an increase/decrease of the In
and N amount) are described in this case by error
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function. Furthermore, the interdiffiusion-induced
changes of the in-plane strain on electrons and
holes confinement profiles have also been taken
into account in this structure. In case of next two
QWs constructions, “Linear QW” and “Exponen-
tial QW”, the only monotonic linear and exponen-
tial changes of In and N contents have been as-
sumed. Moreover, the inverse slops have been as-
sumed for indium and nitrogen composition pro-
files, what is in agreement with the observed phase
segregation in the real structures and change of ni-
trogen incorporation efficiency on the indium con-
tent. The last assumed construction of the GalnNAs
QW considers the interdiffusion of atoms at the in-
terfaces of the well, phase segregation and depen-
dence of the nitrogen incorporation efficiency on
the indium content, as well. In this case, the same
assumptions have been adopted for interface inter-
diffusion of the In and N as for “Error QW”’ struc-
ture. Such construction is called “Real QW”. In ad-
dition, the InGaAs QW with linear change of com-
position has also been computed to present the sig-
nificantly different impact of alloy inhomogeneities
on the QWs made of ternary materials.

4. Electronic structure analysis

The assumed profiles of compositions of
GalnNAs quantum well layers were used in order
to calculate the QWs potential distribution along
their characteristic direction (corresponding to the
growth direction of the real epitaxial structures).
Afterwards, the eigenvalues and eigenvectors of the
wells were computed. As results of these calcula-
tions, complete electronic band structures of con-
sidered GalnNAs/GaAs quantum wells have been
achieved (Fig. 2).

On the basis of the graphical presentation of
electronic band structures of the GalnNA/GaAs
quantum wells, which differ in In and N composi-
tion profiles, one can conclude that the considered
inhomogeneities lead not only to the QWs poten-
tial modification, but most of all to the change of
the electrons and holes energy states (colored blue
and red in Fig. 2, respectively) and correspond-
ing wave functions shapes. Furthermore, the com-
pletely different impact of indium and nitrogen on

the band structure of GalnNAs alloy is the reason
of huge spatial separation of the wave functions of
electrons and holes. Thus, strong influence of these
structural inhomogeneities on the QWs optoelec-
tronic properties could be expected. Such behavior
is in a big contrast to the inhomogeneous quantum
wells made of ternary alloys, such as InGaAs or Al-
GaAs. In case of such simple QWs, the impact of
indium content perturbation has a small influence
on quantum well density of states (DOS) and en-
ergy states but does not lead to strong spatial sepa-
ration of electron and holes wave functions (Fig. 3).
The study of graded AlGaAs quantum well can be
found in the literature [26].

The more detailed data obtained from the quan-
tum wells band structure calculations are presented
in Table 1. The adopted accuracy of the presented
data results from the accuracy of the photore-
flectance (PR) measurements and accuracy of the
PR spectra analysis, from which the energies and
amplitudes of the resonances, can be estimated
with the accuracy of ~1 meV and ~1 %, respec-
tively. For each considered GalnNAs/GaAs quan-
tum well, the energies E of three main transitions —
between electron and heavy holes states — (1elhh,
2e2hh and 3e3hh) and corresponding wave func-
tions overlap integrals (WWh,) were collected.
One can see that despite the constant total amount
of In and N in the discussed GaInNAs/GaAs QWs,
strong change of ground state transitions energy
can be observed. The effect of increased depth
of potential wells in a part of the inhomogeneous
quantum wells is partially eliminated by narrowing
the effective thickness confining the carriers, sim-
ilar to that described in case of quantum-confined
Stark effect (QCSE). Nevertheless, the ground state
transition energies vary in the range of 1.037 eV to
1.116 eV for the Exponential QW and Error QW,
respectively. Moreover, wave function overlap in-
tegrals also vary from 0.143 to 0.998 for the Expo-
nential QW and Uniform QW, respectively.

5. Optical properties analysis

Since the electron transition probability is de-
pendent, among the others, on the value of wave
functions overlap, according to Fermi’s golden
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Fig. 1. Profiles of In and N concentration along the GalInNAs quantum wells layers with the assumed types of
structural inhomogeneities: (a) Uniform QW, (b) Error QW, (c¢) Linear QW, (d) Exponential QW, (e) Real

QW.

rule, the optical transitions probabilities should
also be modified. The best method for probing the
energies and the strengths of quantum wells opti-
cal transitions is the modulated reflectance spec-
troscopy [27]. As results of such measurements,
the spectrum of resonance is obtained. The shape
of that spectrum depends mainly on the transitions

probabilities — amplitudes of resonances, energies
of electron transitions — positions of the resonances
as well as on the broadening of the quantum well
subbands, broadening and overlapping of the reso-
nances.

To study the impact of structural inhomo-
geneities of GalnNAs quantum wells on the
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Fig. 2. Electronic band structures of GalnNAs/GaAs quantum wells with different In and N composition profiles:
(a) Uniform QW, (b) Error QW, (c) Linear QW, (d) Exponential QW, (e) Real QW. Electrons and heavy
holes energy states and wave functions are colored blue and red, respectively.

optical properties, the photoreflectance spectra
have been simulated. As initial parameters for that
analysis, the values of energies and wave functions
overlap (Table 1) obtained from the previous
calculations were applied. For all of the considered

were

GalnNAs/GaAs
energies of the
tions

inhomogeneous QWs, the

individual electron transi-

and wave functions overlap integrals
to the subsequent simu-

assigned
lated resonances.

As parameters influencing



898

D. Pucicki

Table 1. Energies of QWs electron transitions E and corresponding wave function overlap integrals (¥eWp,)
describing the electronic band structures of GaInNAs/GaAs quantum wells.

Electron transition type lelhh 2e2hh 3e3hh
Type of QW E[eV] (WieWim) EleVl  (¥P2e%Ponn) EleVl  (¥3¢P3nn)

Uniform 1.115 0.998 1.174 0.989 1.267 0.963

Error 1.116 0.978 1.178 0.947 1.272 0.901

Linear 1.090 0.450 1.175 0.009 1.271 0.249

Exponential 1.037 0.143 1.175 0.470 1.273 0.239

Real 1.068 0.414 1.172 0.003 1.266 0.160
0 F ' ' ! ; ' values obtained earlier from the experiment and
5| I linear analysis of measured spectra [16]. The broaden-
ing simulates the influence of planar thickness
e sl GalnAs _ and composition inhomogeneities of the QWs.
2 G Significant differences in optical properties of
S e DAk GaAs | the inhomogeneous quantum wells (Fig. 4) can

barrier .

be seen from performed analysis. However, each
sl ] type of assumed heterogeneity of GalnNAs/GaAs
QWs leads to a deterioration in the optical prop-
00 1 2 30 20 s o erties of these structures and attenuation of the
L [nm] resonances in comparison to a homogeneous
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Fig. 3. Structural and band structure data describing in-
homogeneous InGaAs/GaAs quantum well with
linear change of indium content: (a) profile of In
concentration along the QW thickness, (b) elec-
tronic band structures.

the amplitudes of the simulated resonances,
the squares of the modules |(WheWmnn) ]2 were
assumed. The broadening of the resonances
accepted for the simulation was based on the

Gag 7Ing 3N 02 Asp.93/GaAs QW quantum well.

6. Photodetectors improvement

Grading of alloy composition is a common
technique in designing optoelectronic devices. In
case of graded index separate confinement het-
erostructure (GRINSCH) the composition grading
is applied to cladding layers in order to improve
waveguiding, thus, lasing threshold and beam qual-
ity [28]. The quantum well is usually not graded
in such emitting devices. Inhomogeneous quantum
wells have been of recent interest since it is well
known that in GaN-based MQW structures, piezo-
electrical surface charge deforms quantum well po-
tential. However, in case of a GaAs-based p-n or
p-i-n photodiodes the junction built-in electric field
has also significant influence on the quantum well
electronic band structure and its absorption effi-
ciency [29]. In addition, the influence is enhanced
due to reverse bias applied in a standard working
condition of that type of semiconductor photode-
tectors. The electromodulation effect and adverse
impact of the electric field on the quantum wells
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Fig. 4. Photoreflectance spectra of GaInNAs/GaAs quantum wells with different In and N composition profiles:
(a) Uniform QW, (b) Error QW, (c) Linear QW, (d) Exponential QW, (e) Real QW.

is described by well-known QCSE. Since inhomo- spatial separation of electrons and holes wave func-
geneous GalnNAs/GaAs QWs can ensure an ini- tions, not only in case of considered in this work
tial (without any electric field acting on the well) structures but also in the real structures [30], one
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may wish to use that effect to reduce the impact of
built-in electric field of the junction on attenuation
of absorption efficiency of the QWs, thus, on dete-
rioration of photodetectors absorption characteris-
tics to reduce the adverse impact of Stark effect on
absorption efficiency.

Table 2. Values of wave functions overlap integrals
corresponding to ground state transitions of a
step-like GaInNAs/GaAs QW under no elec-
tric field and under influence of electric fields
with the opposite sense.

p-i-n n-i-p

E [kV/cm] 31.7 0.0 31.7
(¥1c¥1hn) 0.7728 0.3986 0.2436
| (¥1c¥1hn) |2 0.597 0.1589  0.05934

To confirm these possibilities, a theoretical
study of an electric field impact on the inhomoge-
nous QW was conducted. As an example, the
band structure of the real inhomogeneous Galn-
NAs/GaAs step-like quantum well was taken un-
der consideration. Presented kind of quantum well
layer inhomogeneity was achieved during an exper-
iment of MOVPE growth. The detailed information
about the growth condition, characterization and
structural data of that sample can be found in the
literature [30]. Such step-like QW was considered
as an absorber of the p-i-n and n-i-p photodetector
structures which differ in electric field sense which
affects the quantum wells located in the center of
the junctions. In Fig. 5, electronic band structures
of inhomogeneous step-like GaInNAs/GaAs quan-
tum well are presented under different conditions
of electric field. One can see that without electric
field the conduction band ground state wave func-
tion is shifted left, towards nitrogen rich sublayer
of the QW. The adequate valence band wave func-
tion is shifted right, towards indium rich QW sub-
layer (Fig. 5a). Such spatial separation is enhanced
when QW is placed/located in n-i-p junction of
photodetector (Fig. 5b) and reduced in opposite
p-i-n structure of the device (Fig. 5¢). Furthermore,
the wave function distribution can be additionally
tuned, when reverse bias of the considered junc-
tions is applied. In first case of n-i-p photodetector
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Fig. 5. Electronic band structures of real inhomoge-
neous step-like GaInNAs/GaAs quantum well:
(a) with no electric field acting on the energy
bands, (b) and (c) under the influence of electric
field of 31.7 kV/cm of a n-i-p and p-i-n junction,
respectively.

structure, the reverse bias will cause stronger wave
functions separation and, consequently, will dete-
riorate the absorption efficiency. In case of inverse
p-i-n structure, the reverse bias will result in better
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overlapping of the wave functions making the ab-
sorption more efficient. The values of the ground
states wave functions overlaps integrals, which are
results of carried out calculations, are summarized
in Table 2. Furthermore, the squares of modules of
that parameter are also presented in order to em-
phasize the difference in the value of the factor
taken into account in Fermi’s golden rule equation
and influencing the probability of absorption.

7. Conclusions

In this work, compositionally graded, inhomo-
geneous GalnNAs/GaAs quantum wells were dis-
cussed. The influence of several types of inhomo-
geneities of these QWs on their electronic band
structure, thus, on their optical properties, was
studied. It was shown that the interdiffusion and
phase segregation occurring in the QW layers made
of epitaxialy grown metastable materials lead to
significant attenuation of QWs absorption. Thus,
these structural changes must be taken into account
when the device structures are designed. Notwith-
standing, the discussed defects of GaInNAs-based
quantum wells, which were considered to be the
reason of optical properties deterioration, can be
utilized in p-n and p-i-n photodetectors to improve
their quantum efficiency. From the point of view
of thermodynamic processes, which rule the epi-
taxial growth and phase segregation, it is often im-
possible to freely change the directions of indium
and nitrogen changes within the quantum well lay-
ers in respect to their growth direction. This is the
reason, why the change of the electric field sense,
which can be inverted by utilization of p-i-n and
n-i-p junctions, is proposed to fabricate the pho-
todetector and to compensate the adverse impact of
QCSE on the absorption efficiency.
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