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Mesoscopic-capacitor effect in GaNÕAl xGa1ÀxN quantum wells:
Effects on the electronic states
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We show that wide GaN quantum wells behave like mesoscopic capacitors. The electron-hole pairs are
separated by the spontaneous and piezoelectric polarization fields and accumulated in the well, resulting in a
well-width dependent screening of the built-in field. The extent to which such screening is effective depends on
the interplay between radiative and nonradiative recombination probabilities, which deplete the ground level of
the quantum well, causing the recovery of the unscreened built-in field. The account of the mesoscopic
capacitor effect provides a quantitative description of the optical spectra and of the time dynamics of a set of
high quality quantum wells with well characterized structural parameters.
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I. INTRODUCTION

The recent developments in the field of GaN-bas
blue-UV optoelectronic devices1 have stimulated several ex
perimental and theoretical studies on GaN/AlxGa12xN mul-
tiple quantum wells~MQW’s!. Most of the attention has
been paid to the existence of built-in electric fields in su
heterostructures. The theory of Bernardini and Fiorentin2–4

establishes that the internal electric field is originated by
difference in the spontaneous polarization between the
rier and the well, and by the piezoelectric polarization, due
the pseudomorphic growth of the well or of the barrier, d
pending on the buffer layer.

Several experiments have indeed shown that the gro
level emission of thick AlxGa12xN/GaN quantum wells
~QW’s! falls below the energy gap of the bulk GaN.5–12

Though this is a confirmation of the presence of an inter
electric field, there is still a quantitative disagreement
tween the experimental ground-level energy deduced by
optical experiments and the calculated energy in the pres
of the built-in electric fields. To circumvent this problem, th
experimental data are usually fitted by using either the va
of the electric field as a free parameter7–12or, in more refined
self-consistent models,5–6,13 by adjusting the actual carrie
density in the well to screen the built-in field. In both cas
either the adjusted electric field~which is different from the
real value! or the rather large injected carrier density~some-
what unphysical for a cw optical excitation! indicates that a
quantitative understanding of the optical properties of G
quantum wells is still somehow unresolved.

In this paper we present a different approach to the pr
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lem based on the idea that the GaN quantum wells beh
like mesoscopic capacitors. We demonstrate that the ch
density in the well is influenced by two main effects:~i! the
separation of the wave functions, induced by the built
field, which causes the increase of the radiative recomb
tion time, and~ii ! the loss of carriers from the ground lev
induced by both radiative and nonradiative recombinat
processes. The first effect, hereafter referred to
mesoscopic-capacitor effect, leads to the build-up of
electron-hole plasma in the well which screens the built
field, resulting in a screening induced blue shift which par
compensates the red shift induced by the built-in field. T
becomes more and more important in wide wells by virtue
the increased decay time~wave function separation!, causing
the charge accumulation at the interfaces.13 The second ef-
fect, partly compensated by the charge accumulation, ca
the recovery of the built-in field value expected for ze
charge density. The proper account of these phenomena
vides a new insight in the coupling of GaN/AlGaN structur
with light, which has both fundamental and applied re
evance.

II. EXPERIMENTAL STUDY

The samples were grown on~0001! c-plane Al2O3 sub-
strates in a horizontal LP-MOCVD system~AIXTRON 200
AIX RE! equipped with a rotating substrate holder wi
TMGa, TMAl, and pure NH3 as source materials. After th
deposition of a low-temperature nucleation layer, a G
buffer layer, 1-mm thick, was grown at 1150 °C followed b
ten identical GaN/Al0.15Ga0.85N wells of nominal width
©2001 The American Physical Society05-1
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2 nm,L,10 nm and barrier width 15 nm.
The structural parameters of the samples were obtaine

x-ray diffraction ~XRD!, Rutherford back scattering~RBS!,
and high resolution secondary-ion mass spectrom
~SIMS!. The preliminary optimization of the GaN buffer lay
ers resulted in a channeling yieldxmin of about 1.5% in all
samples~which is close to the theoretical value for an ide
sample!. In addition, narrow full width of half maximum
~FWHM! of the ~002! peak, varying between 380 and 41
arc sec, was observed in the XRD measurements toge
with a clear step-flow surface morphology. The XRD me
surements on the QW’s gave the period of the heterost
tures, whereas the RBS measurements allowed us to me
the average composition and total thickness, from which
independent value of the period was extracted in excel
agreement with the XRD measurements. The exact sam
parameters are reported in Table I and were found to be c
to the nominal values. The comparison between the X
measurements of the lattice parameters of the GaN bu
layer and the MQW’s layer reveals the pseudomorp
growth of the AlxGa12xN barriers on the GaN buffer.

More importantly, the compositional abruptness of the
terfaces was verified by high resolution SIMS measureme
using a 1.6 keV O2

1 ion primary beam at grazing incidenc
and detecting the secondary27A1 ions emitted from the
samples as a function of depth. The results of Fig. 1 dem
strate the excellent sharpness of the interfaces with good

TABLE I. Experimentally determined well width and Al conten
of the heterostructures investigated in this work. The experime
accuracy in the Al content is of the order of61%.

Sample QW1 QW2 QW3 QW4 QW5

Well width ~nm! 1.6 2.4 3.2 6.3 9.5
Al content ~% at.! 18.6 18 14.1 17.7 13.1

FIG. 1. SIMS Al depth profile of sample QW5.
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riodicity throughout the entire superlattice, and resoluti
limited broadening~the slopes at the interfaces reduce by 1e
in 1.2 nm!. This clearly indicates that Al interdiffusion in ou
samples is negligible, allowing us to discard important var
tions of the quantum well potential profile which would a
fect substantially the ground-level energy. Such a structu
characterization was a fundamental step of this work sinc
allowed us to perform a quantitative analysis of the opti
spectra without uncontrolled structural parameters~namely,
well width and composition profile! to be used in the theo
retical model. The photoluminescence~PL! measurements
were performed either under cw excitation~325 nm line of a
He-Cd laser! or under ps pulsed excitation~III-harmonic of a
mode-locked Ti:sapphire!. The time-resolved experiment
were performed by using a frequency-doubled R6G d
laser, synchronously pumped by the second harmonic
mode-locked Nd:YAG laser. The samples were excited w
3 ps long pulses at an energy of 4 eV and an average po
of a few mW. A cryostat was used to keep the samples a
K the PL was dispersed by a monochromator and detecte
a cooled microchannel plate photomultiplier by means o
time-correlated single photon-counting apparatus with a t
resolution of 50 ps.

III. RESULTS

In Fig. 2 we show the low-temperature~10 K! PL spectra
from 5 samples under cw excitation from a He-Cd laser~325
nm, about 5 mW power!. The main characteristics of th
spectra are the following:

~a! The overall red-shift of the emission bands with i
creasing the well width.

~b! The sharp peak at 3.48 eV due to the exciton of

al

FIG. 2. Photoluminescence spectra of the samples measur
10 K.
5-2
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GaN bulk layer in all the samples~dashed vertical line!.
~c! The emission spectra falls below the bulk GaN ene

for well widths larger than 3 nm~which is typical of the
structures with internal electric fields!.

~d! The strong decrease of the ground-level emission
tensity~upward arrows! with increasing the well width, sug
gesting a reduction of the absorption induced by the sep
tion of the electron and hole wave functions, and/or
important role of the nonradiative recombination channel

~e! The slightly different emission energy from the A
GaN barrier due to the differences in the Al content in t
barriers~downward arrows!.

~f! Several phonon replica separated from the zero pho
line by about 90 meV~horizontal markers!.

The well-width dependence of the emission energy is c
culated by using the envelope-function approximation,
cluding the piezoelectric field and the spontaneo
polarization,2,13 and taking the actual Al-content and we
width ~see Table I!. The details of the calculations can b
found in Ref. 13. As shown in Fig. 3, the results predicted
the model when assuming a value oftnr50.1 ns which cor-
responds to an unscreened polarization field, describe q
well the ground-level energy of narrow wells, whereas th
underestimate the values for wide wells. As mention
above, such a disagreement cannot be ascribed to struc
defects or indetermination in the structural parameters.

In order to get a deeper insight into the effective reco
bination channels, both radiative and nonradiative, in
quantum wells, we have performed time-resolved photolu
nescence~TRPL! experiments. We show in Fig. 4 two rep
resentative TRPL curves taken at the peak of the emis

FIG. 3. Experimental~circles! and theoretical values~lines and
triangles! of the emission energy of the samples. The lines show
theoretical calculation performed using an average Al barrier c
centration of 15% and considering three different values of the n
radiative lifetime tnr :0.1 ns, 5 ns and̀ . The curve with tnr

50.1 ns is equivalent to the usual calculation accounting for
built-in field without mesoscopic capacitor effect. The triang
show the calculation obtained by using the values of Table I an
nonradiative recombination time of 5 ns.
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spectra of sample 2 and 4. The main features are~i! with
increasing the well width, the temporal evolution of the ph
toluminescence intensity becomes slower; and~ii ! the TRPL
traces cannot be described, in general, by a single expo
tial decay. These results are in good agreement with th
reported in literature14 and confirm the picture of the increas
ing electron-hole wave function separation, with increas
the well width, induced by the quantum confined Sta
effect15 and consequent increase in the recombination l
times.

IV. THEORY AND COMPARISON
WITH THE EXPERIMENT

In order to describe correctly the experimental data p
sented in the previous section it is necessary to develo
complete theoretical model that properly accounts for
process of generation and recombination of the electron-h
pairs, hereby including the effect of screening of the built
field induced by the charging of the quantum well in t
presence of wave function separation and increase of
electron-hole pair lifetime. We will assume a very simp
model for the time evolution of the carrier density in th
quantum well, that is

dn

dt
5G2Rsp2Rnr , ~1!

whereG is the generation rate,Rsp is the spontaneous~ra-
diative! recombination rate, andRnr is the nonradiative re-
combination rate.

Under steady-state conditions, and assuming a cons
generation rate in all samples, Eq.~1! becomes

G5Rsp1Rnr , ~2!

which has to be solved for all samples by accounting for
dependence ofRnr andRsp on the carrier density.

The spontaneous recombination rateRsp is given by the
proper integration of the absorption coefficient,16

Rsp5E
2`

1` e2mEpvnr

\2c3p3«0m0
f c~12 f v !(

i , f
I i , f

2 u~v2v i f !dv,

~3!

e
-

n-

e

a

FIG. 4. Time-resolved photoluminescence curves at 10 K
samples 2 and 4. The PL was detected at the peak of the emis
spectra for both samples. Normalization is arbitrary.
5-3
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where all the symbols have their usual meaning,16 nr is the
refractive index,f c , f v are the Fermi distributions,u is the
Heavyside function,I i , f is the wave function overlap, an
v i f is the energy transition from the initial leveli in conduc-
tion band to the final levelf in valence band. In Eq.~3! both
quasi-Fermi levels, overlap matrix elements, and transi
energy are all charge density dependent. Overlap and tra
tion energy are related to the density through the coup
between the Poisson and Scho¨edinger equations. Equatio
~3! represents the microscopic expression of the bimolec
recombination term which is widely used in rate equat
models describing carrier dynamics in QW’s.

The nonradiative recombination rate accounts for all
nonradiative recombination channels, such as defects
sisted and surface recombination,15 for the sake of simplicity,
we will assume a very simple expression forRnr , that is

Rnr5
n

tnr
~4!

with the time constanttnr equal for all the wells.
A double iteration is performed in order to determine t

actual carrier density and energy levels. Assuming an in
photogenerated carrier concentration, the energy of qu
tized levels needed for the evaluation of the spontane
recombination rate is obtained by self-consistently solv
Schröedinger and Poisson equations. Equation~2! is then
solved for n, and this value is put again into th
Schröedinger-Poisson solver. The two-step procedure is
peated until convergence is achieved. In the calculations
value of the nonradiative carrier lifetimetnr has been as
sumed to be of the order of 5 ns, as suggested by the T
curves of wider well, where the radiative recombination ra
are an order of magnitude longer due to the decrease o
wave function overlap~see also Table II!. Therefore, the
nonradiative decay is not a fitting parameter in the comp
son between theory and experiment. Such a nonradiative
time is obviously typical of our samples. However, ev
though it can change depending on the growth techniq
doping, and, sample and substrate quality, similar lifetim
have been obtained by other groups.14,17

As shown in Fig. 3, the experimental data~dots! are well
reproduced by the theory~solid lines! with tnr55 ns. For the
sake of comparison we also plot the limiting cases of a n

TABLE II. Experimental emission energy and theoretical valu
of the emission energy, carrier density and spontaneous recom
tion rate for all the quantum wells considered in the study.

Sample

Experim.
emission

energy~eV!

Theoret.
emission
energy
~eV!

Charge
density

n ~cm22!

Spontaneous
recombination rate

~cm22 s21!

QW1 3.70160.027 3.690 3.2131011 5.0331020

QW2 3.60460.026 3.570 5.9031011 4.6531020

QW3 3.52760.026 3.546 7.6131011 4.3631020

QW4 3.4060.04 3.375 2.7731012 9.131018

QW5 3.3460.06 3.340 2.8231012 4.2631016
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ligible nonradiative recombination rate~i.e., tnr5`! and of
a dominant nonradiative recombination (tnr50.1 ns). In the
absence of nonradiative recombinations, the mesosco
capacitor effect is dominant, especially for wide wells. O
the contrary, a strong nonradiative rate depletes the gro
level, preventing charge accumulation and thus leaving
field unscreened. Indeed, the result coincides perfectly w
that obtained in the absence of free carriers. The flattenin
the PL peak energy observed in the experiment at increa
well width is therefore due to the competition between rad
tive and nonradiative recombination processes. For the la
wells, the built-in field is effectively screened due to th
mesoscopic-capacitor effect, that is to the charge accum
tion favored by the long radiative lifetime~which is, in turn,
a consequence of the spatial separation of the electron
hole wave functions!. On the contrary, nonradiative recom
binations tend to deplete the ground level energy, thus red
ing the effect of screening and red-shifting the PL spectr

Table II summarizes our results, showing the transit
energy, carrier density and spontaneous recombination
Rsp for all the quantum wells considered in the study. T
spontaneous recombination rateRsp for the 1.6 nm quantum
well is indeed found to be several orders of magnitude lar
than that of the 9.5 nm well. Consistently, the carrier dens
is largest in the 9.5 nm well.

These results have important consequences on the op
properties of GaN quantum wells, not only concerning t
shift of the ground-level energy, but also the strength of
excitonic resonances. In fact, these results show that a
pumping in the mW range is enough to induce a plas
density ranging between about 331011 and 331012 depend-
ing on the well width. This causes a strong reduction of
exciton binding energy and of the absorption coefficient,
predicted in Ref. 18, thus modifying the electric-field i
duced and the many-body nonlinearities of GaN OW’s.

V. CONCLUSIONS

In conclusion we have demonstrated that
GaN/AlxGa12xN quantum wells the separation of the wa
function due to the built-in electric field induces long radi
tive lifetimes which in turn lead to a charge accumulation
the wells. This capacitor effect is only partially compensa
by the nonradiative recombination channels and it becom
increasingly important in wider wells, where the separat
of the wave functions is larger. The results of our theoreti
model, taking into account self-consistently the screening
the electric field and recombination of the electron-ho
pairs, are in good agreement with the experimental grou
level emission energy of these structures. Moreover the
sults shown that any estimation of polarization field by c
experiments should consider the mesoscopic-capacitor
fect.
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