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Boundary Effects on the Optical Properties of
InGaN Multiple Quantum Wells

L.-H. Peng, Member, IEEE, C.-M. Lai, C.-W. Shih, C.-C. Chuo, and J.-I. Chyi

Abstract—We examine the issues of spontaneous and piezo-
electric polarization discontinuity on the optical properties of
3.0-nm-thick indium gallium nitride (InGaN) multiple quantum
wells (MQWs). A quench of band-edge emission from the cap
GaN layer is observed when the photoexcitation source is changed
from a 355- to a 248-nm laser. The interband transitions from
the InGaN wells exhibit a linear dependence on the 1) spectral
blue shift of 8.5 10 18 meV cm3 and 2) change of the
internal field of 3 10 14 V cm2 with the injected carrier
density up to Ninj 1019 cm 3 at 77 K. These observations
are attributed to the redistribution of photogenerated carriers in
the InGaN wells due to the polarization discontinuity at the QW
interface and the surface band bending effect. By incorporating
an additional boundary condition of surface Fermi-level pinning
into the Poisson equation and the band-structure analysis, it is
shown the emission from the InGaN–GaN MQWs is dominant
by the recombination between the high-lying subbands and the
screening of internal field effects.

Index Terms—Fermi-level pinning, indium gallium nitride mul-
tiple quantum wells (InGaN MQWs), polarization effects.

I. INTRODUCTION

T HE WIDE bandgap III–V nitrides have long been rec-
ognized as a material of outstanding optical, electronic,

and thermal properties compared with their counterparts of in
the group IV and II–VI compounds [1]. This has led massive
nitride research activities in optoelectronics and high temper-
ature/power electronics [2]. The recent commercialization of
candela class indium gallium nitride (InGaN) blue/green light-
emitting diodes and long lifetime violet and blue laser diodes
represent one such exciting achievement [3]. High-gain opera-
tion of the GaN-based field effect transistors in the GHz regime
has thrived their use for power electronics applications [4]. De-
spite progress has been made in the material growth and device
processing, the mechanism responding to these novel device
functionality still remains a great mystery to be resolved. For
example, the origin for the formation of two-dimensional elec-
tron gas (2-DEG) at the undoped AlGaN–GaN interface and the
corresponding high electronic mobility effects are still unclear
[5]. Piezoelectric doping [6] represents one such possibility but
surface defect can also account for a plausible argument [7].
On the other side of optical device analysis, while a prevailing
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theory suggests the emission mechanism to the localized states
in InGaN [8], the discontinuity of piezoelectricity and
spontaneous polarization at the nitride interface [9] can
also respond to the change of oscillator strength in the spectral
analysis.

A popular approach in the nitride device mod-
eling is to incorporate a periodical field distribution of

in the band-structure
analysis [10]. The polarization-induced field of and ,
therefore, has opposite sign and scales inversely with the length
of well and barrier , respectively. The discontinuity
of and at the nitride/air interface, however, imposes
a disturbance on the boundary condition since a relatively
large charge density of 2 10 cm can reside at the nitride
surface [11]. This, in turn, would affect the analysis of the
electronic and optical properties when device modeling of a
nitride heterostructure comes into concern [12]. Based upon
an observation of Fermi-level pinning at the surface of nitride
layer [13], a more recent treatment is to invoke a donor-like
surface state to compensate the inadvertent surface charge [14].
In thermal equilibrium, charge neutrality associated with the
lineup of Fermi level across the AlGaN–GaN heterostructure
determines the amount of free carrier released from the ionized
surface state, and, therefore, affect the transport properties of
the device [15].

These observations suggest a fundamental approach to the
nitride device modeling would be to incorporate the polariza-
tion-induced charge and surface Fermi-level pinning in the
band-structure analysis. In order to simulate the effects of
carrier redistribution upon device operation, one has to cope
with, in addition to analyze the conduction band Schrödinger
and valence Rashba–Sheka–Pikus (RSP) Hamiltonian [16], the
solutions from the Poisson and rate equations. As a result, the
capability of treating the perturbations of polarization-induced
charge, field screening, band filling, and bandgap renormaliza-
tion on an equal footing marks the essence of this work. Here,
we use a series of selective wavelength excitation experiments
to examine the boundary effects on the optical properties of
InGaN–GaN multiple quantum wells (MQWs). We thereby are
able to observe the transportation of photogenerated carriers
from the GaN cap layer and their redistribution and radiative
combination in the adjacent InGaN wells. We find it essential
to include the Fermi-level pinning as an additional boundary
condition in the band-structure analysis to resolve the carrier
redistribution effects in the nitride heterostructure. Our analysis
indicates the emission properties of the 3.0-nm InGaN MQWs
are due to the dominant transitions between the high-lying
subbands and the screening effects on the internal field.

1077-260X/03$17.00 © 2003 IEEE

Authorized licensed use limited to: National Taiwan University. Downloaded on February 9, 2009 at 03:45 from IEEE Xplore.  Restrictions apply.



PENGet al.: BOUNDARY EFFECTS ON THE OPTICAL PROPERTIES OF InGaN MQWs 709

II. EXPERIMENTS

The MQWs samples used in this study were grown by the
metalorganic chemical vapor deposition (MOCVD) technique.
The detailed growth procedure and material characterization can
be found in [17]. The sample structures consisted of, in se-
quence, an undoped 30- or 50-nm GaN cap layer with three
pairs of 3.0-nm In Ga N–GaN MQWs with a silicon
doping concentration of 10 cm , and a 1.5-m-thick GaN
buffer layer of cm background doping on the (0001)
face of sapphire substrates. The In composition ( and
0.18) in the well and thickness in the GaN barrier ( and
7 nm) were varied to examine the distribution of internal field
effect on the optical properties. Note the corresponding piezo-
electric polarization field for nitride heterostructures grown on
the (0001) face follows that of (A4). If the nitride heterostruc-
ture is grown on a (000-1) face, the polarization field would be
opposite to that shown previously [5].

The use of a thin GaN cap layer is crucial since it allows
the generation of photo-carriers to be selectively “imbedded”
to a region approximately equal to the absorption length of
the nitride material at a given ultraviolet wavelength. The
selective wavelength excitation experiments were performed
by using a third-harmonic generation (355 nm) of Nd:YAG
laser (New Wave, Freemont, CA) and a 248-nm KrF excimer
laser (TuiLaser, Munich, Germany) with a maximum energy
of 15 mJ. The lasers have a pulsewidth of 10 ns and are
typically operated at a repetition rate of 10 Hz. The samples
were mounted in a low-temperature cryostat (CTI-cryogenics,
Waltham, MA) and the photoluminescence (PL) signals were
collected from the sample surface, dispersed by a grating
spectrometer, and detected by a charge coupled device array.

III. RESULTS AND DISCUSSION

A. Optical Characterization

We illustrate in Fig. 1 the emission spectra measured at 77 K
from the 3.0 nm (a) and (b) In Ga N–GaN
MQWs as excited by the 355-nm Nd:YAG laser. We first note
a slant V-like move in the peak emission energy as a function
of the laser excitation intensity. A clear shift of70 meV in the
peak emission energy can be identified as one changes from a
low to high In-content InGaN MQWs. Note the emission spectra
reveal a blue shift ( 80 meV) upon the increase of pump inten-
sity till a threshold ( 0.1 MW/cm at 77 K) is reached. One
can further infer from Fig. 1 an abrupt change on the slope of
the integrated peak emission intensity, i.e., from a linear- into

square-power dependence as the excitation density exceeds
the threshold. In concurrence with this threshold behavior on
emission intensity is a spectral linewidth narrowing as the pump
intensity varies from 0.1 to 1 MW/cm. Note in this regime
the InGaN MQW’s emission only exhibits a slight spectral red
shift ( 15 meV). These observations typically signify an onset
of stimulated emission [18]. However, whether the underlying
mechanism is due to localized states or electron-hole plasma
recombination is still under debate [19]. With further increase
of the pump intensity into the high-density excitation regime,
the InGaN MQWs emission resumes a spectral red shifting and
broadening due to a contribution from the electron-hole plasma

Fig. 1. The 77-K PL spectra of the (a)x = 0:15 and (b)x = 0:18 3.0-nm
In Ga N–GaN MQWs excited by a 355-nm Nd:YAG laser. The spectra have
been vertically shifted for comparison.

[20] and the associated bandgap renormalization [21] and/or
heating effects [22]. Data shown in Fig. 2(a) reveals one such
example of carrier heating with a characteristic exponential tail
on the high-energy side (i.e., from 2.94 to 3 eV) of the spectrum
as the excitation density of the 248-nm laser at room tempera-
ture exceeds 16 . On the other hand, increase of the measure-
ment temperature to 300 K [23] only results in an increase of
the threshold density 1 MW/cm and renders a sim-
ilar spectral evolution except a30-meV decrease in the peak
emission energy.

A general assumption in the optical analysis is that the recom-
bination is governed by the localized states at low temperature,
whereas at high temperature, it is controlled by the extended
states [24]. However, our observation of constant emission peak
energy in the low-density excitation ( 10 MW/cm , not
shown in Fig. 1 but can be seen in Fig. 6) regime, which is in-
dependent of the measurement temperature, suggests the state
of localization has been minimized in the samples under study.
Were this not the case, the filling of localized or band tail states
by the photogenerated carriers would quickly raise the emission
energy. Note similar phenomenon of constant peak energy has
also been recently reported on the room-temperature emission
spectra of a wider 4-nm-thick In Ga N–GaN MQWs [25].
We further note the temperature dependence of the peak energy
shift, as inferred from the low-density10 10 MW/cm
excitation experiments and to be discussed in Section III-D, only
reaches half of the value as would expect from the Varshni ef-
fect. Including the localization effect, however, would only in-
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Fig. 2. (a) The 300-K PL spectra of the In Ga N–GaN MQWs
excited by the 355- and 248-nm lasers near threshold intensity at 1.2I .
The GaN emission has been magnified by 40 times in both cases. Note the
spectrum taken at far above threshold (l6I ) exhibits the carrier heating effect.
(b) Band-edge profiles of the In Ga N/GaN MQWs analyzed with and
without Fermi-level pinning at the GaN surface layer.

crease rather than decrease the energy difference [26]. These
observations suggest the dominant emission mechanism of this
study is not limited by the localized state.

To cope with a model analysis that can genuinely reflect
the distribution of photogenerated carrier in the InGaN–GaN
MQWs, we seek information from the results of selective
wavelength excitation experiments. We take advantage of
the large absorption coefficient of nitride in the shorter
wavelength regime to render a majority of photogenerated
carriers in the GaN cap layer [27]. The effective absorption
length is estimated to be about and decrease with the
shorter laser wavelength. Since the pulsewidth of the excitation
lasers ( 10 ns) is larger than a typical relaxation time observed
in GaN ( 1 ns), in the following discussion, we consider the
luminescence is derived from the steady-state response [28].
Referring to Fig. 2(a), one notes the emission intensity from
the GaN cap layer at 3.4 eV is considerably lower than that
from the InGaN well at 2.9 eV, only reaching 1% of the peak
value in the latter as excited by the 355 nm laser. However,
by changing the excitation source to a 248-nm laser, we find
emission from the GaN cap layer ceases but that from the
InGaN well prevails. This occurs in an excitation density range
from 10 to 10 MW/cm and reflects a subtlety of radiative
combination mechanism in this InGaN–GaN MQWs system.
Were the photogenerated carriers to have a similar probability
to be captured in the GaN cap layer/barrier and the InGaN well,
the peak ratio of the corresponding PL intensity should stay
about the same and independent of the excitation wavelength.

Fig. 3. Comparison of the experimental PL peak energy of the
In Ga N–GaN MQWs with those calculated with and without
surface Fermi-level pinning.

Our experimental observations, however, do not support the
above argument but suggest the band structure in the GaN
cap layer and InGaN MQWs, and the accompanying field
distribution play an important role in determining the emission
characteristics.

B. Theoretical Modeling

To quantify the previous observations, the equations of motion
for the electron and hole in the nitride heterostructure, as stated
in the Appendix, are solved consistently by a finite-difference
method [29] that incorporates the steady-state solutions from
the rate and Poisson equations to describe the generation
and redistribution of the photo-carriers under the action of
polarization-induced charge ateach of the nitride interface,
i.e., . To evaluate the bandgap renormalization
effect, we adapt an important universal relation between the
reduced bandgap energy and carrier density, i.e. ,
as recently reported by Park and Chuang [30]. Since the Fermi
level pinning represents a genuine situation occurred to
the undoped GaN surface, this phenomenon is assessed by
a donor-like surface state with density10 cm to ensure
a pinning of at 0.4 eV below the conduction band edge
of GaN. In the analysis, we let the Roosbroeck–Shockley
radiative recombination coefficient B of GaN be theonly fitting
parameter and a temperature dependence following that in [31].
By doing so, the photogenerated carrier density to be
injected into the MQW’s structure can be deduced from the
absorbed laser intensity by solving a nonlinear equation of
(A9). The injected carrier density, , which then becomes
a fixed parameter, is used with other material parameters to
compute the theoretical spectra shown from Figs. 3 to 7. The
material parameters of InGaN are taken as a linear interpolation
from those of the binary GaN and InN as listed in Table I [32],
except the deformation potentials of InN are assumed to be the
same as those of GaN and a bowing factor of 2.05 eV is used
for calculating the bandgap energy of InGaN. The nonlinear
dependence of the spontaneous and piezoelectric polarization
with the alloy material composition [33], however, has been
neglected for clarity purpose.

C. Boundary Effects

We depict in Fig. 2(b) the band-edge profiles of the
3.0 nm In Ga N–GaN MQWs correspond to the
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Fig. 4. Calculated energy dispersion and emission spectra of the
In Ga N–GaN MQWs under the case of (a) high(N = 7:6 �
10 cm ) and (b) low(N = 3:5� 10 cm ) carrier injection at 77 K.

Fig. 5. Comparison of the experimental and calculated emission spectra of the
3.0 nm (a)x = 0:15 and (b)x = 0:18 In Ga N–GaN MQWs at 77 K.

boundary condition of (a) periodical field distribution
with a flat surface

and (b) surface Fermi-level pinning with polarization-induced
charge of at each of the nitride interface,
respectively. Note a common feature of these two model

Fig. 6. Comparison of the experimental and calculated peak emission energy
as a function of injection carrier density(N ) for the (a)x = 0:15and (b)x =
0:18 In Ga N–GaN MQWs at 77 K and 300 K. Inset: a linear change of the
peak energy and internal field withN .

Fig. 7. Comparison of the experimental and calculated integrated PL intensity
of the (a)x = 0:15 and (b)x = 0:18 In Ga N/GaN MQWs at 77 K.

analyses is the resultantsaw-toothlike confinement potential
in InGaN–GaN MQWs. However, the nonzero surface electric
field in the GaN cap layer (0.17 MV/cm) reflects the local
electrostatics due to the release of free carriers from the ionized
surface states in the latter case.

These effects lead to several important considerations in
the following bandstructure analysis. First of all, the steep
incline of the GaN surface layer in case (b) can facilitate
the transportation of photogenerated electron (hole) toward
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TABLE I
MATERIAL PARAMETERS FORGaNAND InN

the interior (surface) of the MQW structure. Whereas, a flat
surface of case (a) without Fermi level pinning would leave
the photogenerated carriers a similar capture probability in the
GaN cap layer and in the InGaN well. The resultant difference
is a red shift of 50 meV in the peak emission energy of case
(a) with respect to that obtained with a surface Fermi-level
pinning when the device is operated at cm at
77 K. More evidence is provided in Fig. 3 upon which the
experimental emission peak energy of the In Ga
MQWs in Fig. 1 are compared with that calculated by the
above two models. For case (a), without surface Fermi-level
pinning, one notes the peak energycannot be fitted with a
single set parameter of piezoelectric polarization, whereas,
in the surface pinning model calculation, the experimental
data can be well resolved by assuming a low-temperature
(77 K) value of C/m . This observation clarifies
the importance of pursuing the surface pinning model in the
following band structure analysis. Secondly, we note the field
strength ( 2 MV/cm) in the InGaN well, as inferred from the
slope of the potential profile shown in Fig. 2(b), is far more

than that required for the dissociation of localized exciton
[34]. This indicates that the temperature effects on the InGaN
MQW emission characteristics of this study would be less
influenced by the localized states. It also agrees with a recent
study of InGaN–GaN QW [35], revealing a drastic reduction
of the localized exciton due to the large internal field [36]
and carrier screening effect [37].

Note that under a strong field action, not only can one
encounter a reduced oscillator strength but also a relaxation
of parity-selection rule, i.e., among the interband
transitions [38]. Furthermore, the degenerate eigenstates from
each of the composing InGaN–GaN MQWs of identical
structure would encounter a finite mixing and anticrossing in
the band structure dispersion as shown in Fig. 4. Indeed, the
mixing effects are more pronounced in the (a) high injection

cm than in the (b) low injection
cm case. As a result, one would expect

the emission spectra of the InGaN MQW’s dominated by the
1) high-lying subband transitions with larger momentum matrix
elements and 2) field screening due to the Fermi-level pinning
and carrier redistribution effects. The spectra depicted in Fig. 4
elucidate such a subtlety that the emission characteristics of the
InGaN–GaN MQWs indeed contain anunequalcontribution
from subbands of each well. Should any of these considerations
been ignored, not only could one be led to an erroneous
assignment of the emission mechanism but also mistreatment
of the device designing parameters. For example, a fortuitous
spectral red shifting would occur were the interpretation of the
InGaN–GaN MQWs emission mechanism made to the ground
state transition from one of the composing SQW.

D. Optical Analysis

1) Spectral Analysis:Based upon the previous observations,
up to 18 subband transitions have been included to revive the
experimental data in the following spectral analysis. Instead of
letting the injected carrier density as a free-fitting pa-
rameter, we substitute a Roosbroeck–Shockley coefficient of
1.44 10 and 2.73 10 cm s , respectively, for the

and 0.18 InGa N/GaN MQWs at 77 K to convert the
absorbed laser intensity into by solving the nonlinear equa-
tion of (A9). In addition, the steady-state solutions from the rate
and Poisson equations are incorporated into the band-structure
analysis and to facilitate the evaluation of the emission spectrum
according to (A8). A constant value of meV and a
sum over the momentum space has been applied in the calcula-
tion. We thereby are able to revive the emission spectra as shown
in Fig. 5. Note the agreement of the calculated spectra with the
experimental data can extend over three decades of power exci-
tation up to 0.1 MW/cm 10 cm and cover a
spectral range of 0.2 eV. The spectral broadening in this pump
regime is ascribed to the momentum-space filling effect caused
by the photogenerated carriers. The threshold behavior of emis-
sion intensity and linewidth narrowing in the 0.11 MW/cm
excitation regime, however, represent an onset of stimulated
emission and involve a gain competition process [39]. These
phenomena are currently subject to a microscopic theory anal-
ysis [40] and whose detailed report will be presented in a forth-
coming publication.
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2) Internal Field Effect: A fundamental issue needs further
addressing is the mechanism responsible to the spectral shift
of the InGaN–GaN MQW’s emission when the excitation
intensity is in the 10 10 MW/cm regime. A quantitative
understanding can be granted from analyzing the surface Fermi-
level pinning, carrier redistribution, and screening of the internal
field in the band structure calculation. Illustrated in Fig. 6 are
the evolution of the peak emission energy calculated at 77 K
and 300 K, respectively, for the case of (a) and
(b) In Ga N–GaN MQWs and compared with
experimental data as a function of carrier density. In lack of
a priori knowledge on the low-temperature behavior of the
spontaneous polarization in the nitride, we let it resume the
value at room temperature. To account for the temperature effect,
we adapt a temperature dependent piezoelectric polarization

value of and 0.0302 C/m, respectively,
for the and 0.18 InGa N–GaN MQWs at 77 K to
phenomenologically resolve the polarizationdiscontinuityeffect
on the band structure analysis. In conjunction with a restoration
of the total polarization to the room temperature value, one
renders a nice modeling of the InGaN MQW’s emission energy
at 77 K and 300 K. Note the agreement with experimental
data can extend up to 10 cm , and is a suggestion
that the net blue shift is due to the compensation between
the field screening and bandgap renormalization effect [40].
Moreover, in the low-excitation regime (i.e. 10 MW/cm
and 5 10 cm ), the ineffective field screening
due to the diminishing carrier density in our model analysis
explains the nearly stationary behavior in the emission peak
energy.

More information on the optical properties, however, can be
gathered from the analysis of the field screening effect. Refer-
ring to the inset of Fig. 6, a linear dependence of the 1) peak
energy shift and 2) decrease in the internal field on the
carrier injection density can be clearly resolved. The underlying
physics is that the originally saw-tooth like band-edge profile
can provide a nonvanishing,first-order correction in the inter-
band transition energy when the internal field is subject to an
external perturbation of carrier injection. However, the trans-
formation of such a field correction factor into a change of
peak emission energy does require a deliberate band structure
and optical analysis as outlined above. A linear dependence

3 10 V cm of on can thereby be obtained
over two decades of variation in the carrier density. Albeit this
coefficient only reaches half of the value obtained by a simpli-
fied slab-like charge model analysis, i.e., ,
it does reveal the sensitivity of field screening due to the com-
bined effects of surface Fermi-level pinning and carrier redistri-
bution. Such a linear relationship in turn translates into a peak
energy shift with 8.5 10 meV cm on due to
the nonzero first-order perturbation on the screened field. Had
we attempted a modeling based on the ground state transition
in a triangular well, the peak emission energy would resume a
two-third power dependence on , which does not agree with
our observation. Last but not the least, we compare in Fig. 7
the calculated PL intensity with that of the experimental data in
Fig. 1. Note the agreement can extend two order of magnitude

variation in up to 10 cm , and is a proof that surface
Fermi-level pinning and field screening play an essential role
in determining the emission characteristics of InGaN MQWs.
By doing such a model calculation, not only can one revive the
emission spectra of Fig. 5 and the peak energy dependence on
the pump intensity and of Fig. 6, but also retrieve a char-
acteristic dependence of the emission intensity on of Fig. 7
in a self-consistent manner.

IV. CONCLUSION

We report a model analysis to examine the boundary effects
on the optical properties of InGaN–GaN MQWs. It is shown
that including the boundary conditions of 1) discontinuity of
spontaneous and piezoelectric polarization at the interface and
2) the surface Fermi-level pinning are crucial in determining the
electronic as well as the optical properties of the nitride device.
Using a selective wavelength excitation technique, we have re-
solved from the emission spectral analysis a linear dependence
on the 1) spectral blue shift of 8.5 10 meV cm and
2) change of the internal field of 3 10 V cm with the
injected carrier density up to 10 cm at 77 K. These
observations are ascribed to the combined effects of 1) radia-
tive recombination from the high-lying subbands and 2) carrier
redistribution and screening of the internal field caused by the
boundary effects.

APPENDIX

Following [41], the block diagonalized form of the 6 6
valence band RSP Hamiltonian matrix can be written as

(A1)

where and are 3 3 matrices bearing the relation of
, and

(A2)

(A3)

We note is the magnitude of the wavevector in
the plane.
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The piezoelectric polarization in a strained InGaN QW is
given by [42]

(A4)

The strain element is defined as

(A5)

where and are the lattice constants of the substrate and the
well material, respectively.

The TE-polarized matrix element is given as follows [41]:

(A6)
for , and

for , where and are the conduction and valence
subband envelope function, respectively.

The spontaneous emission spectrum is calculated according
to , where

(A7)

(A8)

and is the polarization direction.
The injected carrier density can be deduced from the

absorbed pump intensity by the following equation:

(A9)

where is the incident excitation intensity, is the absorption
coefficient, is the surface reflection coefficient, is the po-
sition of th layer absorbing the laser excitation, andis the
Roosbroeck–Shockley radiative recombination coefficient. Ac-
cording to [31], the radiative recombination coefficienthas a
temperature-dependent form of

(A10)
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