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Mesoscopic-capacitor effect in GalAl,Ga; _,N 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 lem based on the idea that the GaN quantum wells behave
like mesoscopic capacitors. We demonstrate that the charge
The recent developments in the field of GaN-basedlensity in the well is influenced by two main effects: the
blue-UV optoelectronic devicésave stimulated several ex- Separation of the wave functions, induced by the built-in
perimental and theoretical studies on GaN@# _,N mul-  field, which causes the increase of the radiative recombina-
tiple quantum wells(MQW’s). Most of the attention has tion time, and(ii) the loss of carriers from the ground level
been paid to the existence of built-in electric fields in suchinduced by both radiative and nonradiative recombination
heterostructures. The theory of Bernardini and Fiorefithhi processes. The first effect, hereafter referred to as
establishes that the internal electric field is originated by thénesoscopic-capacitor effect, leads to the build-up of an
difference in the spontaneous polarization between the baglectron-hole plasma in the well which screens the built-in
rier and the well, and by the piezoelectric polarization, due tdield, resulting in a screening induced blue shift which partly
the pseudomorphic growth of the well or of the barrier, de-compensates the red shift induced by the built-in field. This
pending on the buffer layer. becomes more and more important in wide wells by virtue of

Several experiments have indeed shown that the grounidie increased decay tinteave function separationcausing
level emission of thick AlGa_,N/GaN quantum wells the charge accumulation at the interfat&3he second ef-
(QW’s) falls below the energy gap of the bulk Gant?  fect, partly compensated by the charge accumulation, causes
Though this is a confirmation of the presence of an internathe recovery of the built-in field value expected for zero
electric field, there is still a quantitative disagreement becharge density. The proper account of these phenomena pro-
tween the experimental ground-level energy deduced by theides a new insight in the coupling of GaN/AlGaN structures
optical experiments and the calculated energy in the presendéth light, which has both fundamental and applied rel-
of the built-in electric fields. To circumvent this problem, the €vance.
experimental data are usually fitted by using either the value
of the eleptric field as aifree parar_néfé?or, in more refineq Il EXPERIMENTAL STUDY
self-consistent modefs®1® by adjusting the actual carrier
density in the well to screen the built-in field. In both cases, The samples were grown di®001) c-plane ALO; sub-
either the adjusted electric fielgvhich is different from the strates in a horizontal LP-MOCVD systefAIXTRON 200
real value or the rather large injected carrier dengispme-  AlIX RE) equipped with a rotating substrate holder with
what unphysical for a cw optical excitatipmmdicates that a TMGa, TMAI, and pure NH as source materials. After the
guantitative understanding of the optical properties of GaNdeposition of a low-temperature nucleation layer, a GaN
guantum wells is still somehow unresolved. buffer layer, 1um thick, was grown at 1150 °C followed by

In this paper we present a different approach to the probten identical GaN/AJ1:Ga g\ wells of nominal width
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TABLE I. Experimentally determined well width and Al content
of the heterostructures investigated in this work. The experimental
accuracy in the Al content is of the order 0f1%.

Sample OW1 QW2 QW3 QW4 QW5
Well width (nm) 1.6 2.4 32 6.3 9.5 3
Al content (% at) 18.6 18 14.1 17.7 13.1 1

2 nm<L<10nm and barrier width 15 nm.

The structural parameters of the samples were obtained by
x-ray diffraction (XRD), Rutherford back scatterin@RBS),
and high resolution secondary-ion mass spectrometry
(SIMS). The preliminary optimization of the GaN buffer lay-
ers resulted in a channeling yiejd,, of about 1.5% in all
sampleswhich is close to the theoretical value for an ideal
samplg. In addition, narrow full width of half maximum
(FWHM) of the (002 peak, varying between 380 and 410
arcsec, was observed in the XRD measurements together

Intensity (arb. units)

with a clear step-flow surface morphqlogy. The XRD mea- 3_-0 ' 3.2 ' 314 ' 3i6 ' 38
surements on the QW'’s gave the period of the heterostruc-
tures, whereas the RBS measurements allowed us to measure Energy (eV)

the average composition and total thickness, from which an )

independent value of the period was extracted in excellent FIG. 2. Photoluminescence spectra of the samples measured at
agreement with the XRD measurements. The exact samplrle0 K.

parameters are reported in Table | and were found to be close ] ) .

to the nominal values. The comparison between the xRpiodicity throughout the entire superlattice, and resolution
measurements of the lattice parameters of the GaN buffdfmited broadeningthe slopes at the interfaces reduce by 1/
growth of the ALGa, N barriers on the GaN buffer. samples is negligible, allowing us to discard important varia-
terfaces was verified by high resolution SIMS measurementdect substantially the ground-level energy. Such a structural
using a 1.6 keV @ ion primary beam at grazing incidence characterization was a fundamental step of this work since it
and detecting the secondaifA™ ions emitted from the allowed us to perform a quantitative analysis of the optical
samples as a function of depth. The results of Fig. 1 demorsPectra without uncontrolled structural paramet@amely,

strate the excellent sharpness of the interfaces with good p&€!l Width and composition profileto be used in the theo-
retical model. The photoluminescen¢EL) measurements

10 ———m——————— were performed either under cw excitati(825 nm line of a
—— 27Al+(c/s) He-Cd laseror under ps pulsed excitatidil-harmonic of a

] mode-locked Ti:sapphije The time-resolved experiments
MM” J were performed by using a frequency-doubled R6G dye-

laser, synchronously pumped by the second harmonic of a
mode-locked Nd:YAG laser. The samples were excited with
3 ps long pulses at an energy of 4 eV and an average power
of a few mW. A cryostat was used to keep the samples at 10
K the PL was dispersed by a monochromator and detected by
a cooled microchannel plate photomultiplier by means of a
time-correlated single photon-counting apparatus with a time
resolution of 50 ps.

. RESULTS
ol 1 In Fig. 2 we show the low-temperatu(&0 K) PL spectra

from 5 samples under cw excitation from a He-Cd 14825
- R R nm, about 5 mW powgr The main characteristics of the
0 100 200 300 400 spectra are the following:
Depth (nm) (@ The overall red-shift of the emission bands with in-
creasing the well width.
FIG. 1. SIMS Al depth profile of sample QWS5. (b) The sharp peak at 3.48 eV due to the exciton of the

Yield (10* counts/s)
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FIG. 4. Time-resolved photoluminescence curves at 10 K for
samples 2 and 4. The PL was detected at the peak of the emission
spectra for both samples. Normalization is arbitrary.
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Well width [A] spectra of sample 2 and 4. The main features (Brevith
increasing the well width, the temporal evolution of the pho-
FIG. 3. Experimenta(circles and theoretical valueines and  toluminescence intensity becomes slower; éindthe TRPL
triangles of the emission energy of the samples. The lines show théraces cannot be described, in general, by a single exponen-
theoretical calculation performed using an average Al barrier contial decay. These results are in good agreement with those
centration of 15% and considering three different values of the nonreported in literatur¥ and confirm the picture of the increas-
radiative lifetime 7,,:0.1ns, 5 ns ande. The curve with7,,  ing electron-hole wave function separation, with increasing
=0.1ns is equivalent to the usual calculation accounting for thghe well width, induced by the quantum confined Stark

built-in field without mesoscopic capacitor effect. The triangles affectS and consequent increase in the recombination life-
show the calculation obtained by using the values of Table | and gmes.

nonradiative recombination time of 5 ns.

IV. THEORY AND COMPARISON
GaN bulk layer in all the sampldglashed vertical line WITH THE EXPERIMENT
(c) The emission spectra falls below the bulk GaN energy i )
for well widths larger than 3 nniwhich is typical of the In order to describe correctly the experimental data pre-
structures with internal electric fields sented in the previous section it is necessary to develop a
(d) The strong decrease of the ground-level emission incomplete theoretical model that properly accounts for the
tensity (upward arrowswith increasing the well width, sug- Process of generation and recombination of the electron-hole

gesting a reduction of the absorption induced by the separd@irs, hereby including the effect of screening of the built-in
tion of the electron and hole wave functions, and/or anfi€ld induced by the charging of the quantum well in the

important role of the nonradiative recombination channels. Présence of wave function separation and increase of the

(e) The slightly different emission energy from the Al- electron-hole pair lifetime. We will assume a very simple
GaN barrier due to the differences in the Al content in themodel for the time evolution of the carrier density in the
barriers(downward arrows quantum well, that is

(f) Several phonon replica separated from the zero phonon dn
line by about 90 me\(horizontal markens —=G-Ry,— Ry, (1)
The well-width dependence of the emission energy is cal- dt P

cuIaFed by using the en\{elop_e—function approximation, iNyynereG is the generation rate,, is the spontaneouga-
cIudlng .the plezoeleptr|c field and - the spontaneou%iative) recombination rate, anR,,, is the nonradiative re-
polarization’*® and taking the actual Al-content and well .o e oo oo nr
width (see Table )l The details of the calculations can be Under steady-.state conditions, and assuming a constant
found in Ref. 13. As shown in Fig. 3, the results predicted bygeneration rate in all samples, Ed) becomes
the model when assuming a valuef=0.1 ns which cor-
responds to an unscreened polarization field, describe quite G=Rgp+ Ry, 2)
well the ground-level energy of narrow wells, whereas they )
underestimate the values for wide wells. As mentionedVhich has to be solved for all samples by accounting for the
above, such a disagreement cannot be ascribed to structufégPendence R, andRs, on the carrier density.
defects or indetermination in the structural parameters. The spontaneous recombination r&g, is given by the

In order to get a deeper insight into the effective recom-Proper integration of the absorption coefficiefit,
bination channels, both radiative and nonradiative, in our o @2uE wn
guantum wells, we hav_e performed t|me—r_eso!ved photolumi- :f s 3p r fc(l—fv>_2 Iﬁfﬁ(w—wif)dw,
nescencdTRPL) experiments. We show in Fig. 4 two rep- —» °C T e oMy i
resentative TRPL curves taken at the peak of the emission 3
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TABLE Il. Experimental emission energy and theoretical valuesligible nonradiative recombination ratee., 7,,,=) and of
of the emission energy, carrier density and spontaneous recombing-dominant nonradiative recombination,(=0.1ns). In the

tion rate for all the quantum wells considered in the study. absence of nonradiative recombinations, the mesoscopic-
capacitor effect is dominant, especially for wide wells. On

_ Theoret. the contrary, a strong nonradiative rate depletes the ground

Experim.  emission  Charge Spontaneous level, preventing charge accumulation and thus leaving the

emission energy  density recombination rate  fi|q ynscreened. Indeed, the result coincides perfectly with
Sample energy(eV)  (eV) n (cm™) (em™s™) that obtained in the absence of free carriers. The flattening of
QW1 3.701-0.027 3.690 3.2x10 5.03x 107° the PL peak energy observed in the experiment at increasing
QW2 3.604-0.026 3.570 5.98 10 4.65x 102 well width is therefore due to the competition between radia-
QW3 35270026 3546 7.6%10 4.36x 102° tive and nonradiative recombination processes. For the larger
QW4  3.40:0.04 3375 2.7%102 9.1x 108 wells, the built-in field is effectively screened due to the
QW5 3.34-0.06 3.340 2.8%102 4.26x 10 mesoscopic-capacitor effect, that is to the charge accumula-

tion favored by the long radiative lifetim@vhich is, in turn,
a consequence of the spatial separation of the electron and
where all the symbols have their usual mearffg, is the hole wave functions On the contrary, nonradiative recom-
refractive index,f,f, are the Fermi distributions is the ~ Pinations tend to deplete the ground level energy, thus reduc-
Heavyside function]; ; is the wave function overlap, and N9 the effect of screening and red-shlftmg_ the PL specFr_a.
wj; is the energy transition from the initial leviein conduc- Table Il summarizes our results, showing the transition
tion band to the final levelin valence band. In Eq3) both ~ €nergy, carrier density and spontaneous 'recomblnatlon rate
quasi-Fermi levels, overlap matrix elements, and transitiofsp for all the quantum wells considered in the study. The
energy are all charge density dependent. Overlap and transiPontaneous recombination rakg; for the 1.6 nm quantum
tion energy are related to the density through the couplingVell is indeed found to be several orders of magnitude larger
between the Poisson and Sedinger equations. Equation 'han that qf the 9.5 nm well. Consistently, the carrier density
(3) represents the microscopic expression of the bimoleculd# largest in the 9.5 nm well. _
recombination term which is widely used in rate equation These results have important consequences on the optical
models describing carrier dynamics in QW's. properties of GaN quantum wells, not only concerning the
The nonradiative recombination rate accounts for all theShift of the ground-level energy, but also the strength of the
nonradiative recombination channels, such as defects a§Xcitonic resonances. In fact, these results show that a cw
sisted and surface recombinatitifor the sake of simplicity, Pumping in the mW range is enough to induce a plasma

we will assume a very simple expression Ry, , that is density ranging between abouxa0' and 3x 10' depend-
ing on the well width. This causes a strong reduction of the
n exciton binding energy and of the absorption coefficient, as
Rm:r_ (4)  predicted in Ref. 18, thus modifying the electric-field in-
nr

duced and the many-body nonlinearities of GaN OW'’s.

with the time constant,,, equal for all the wells.

A doublg iteratio_n is performed in order to de_termine_: t_h_e V. CONCLUSIONS
actual carrier density and energy levels. Assuming an initial
photogenerated carrier concentration, the energy of quan- In conclusion we have demonstrated that in
tized levels needed for the evaluation of the spontaneou&aN/AlGa,_,N quantum wells the separation of the wave
recombination rate is obtained by self-consistently solvingfunction due to the built-in electric field induces long radia-
Schraedinger and Poisson equations. Equati@h is then  tive lifetimes which in turn lead to a charge accumulation in
solved for n, and this value is put again into the the wells. This capacitor effect is only partially compensated
Schraedinger-Poisson solver. The two-step procedure is reby the nonradiative recombination channels and it becomes
peated until convergence is achieved. In the calculations thi@creasingly important in wider wells, where the separation
value of the nonradiative carrier lifetime,, has been as- 0f the wave functions is larger. The results of our theoretical
sumed to be of the order of 5 ns, as suggested by the TRPIModel, taking into account self-consistently the screening of
curves of wider well, where the radiative recombination rateghe electric field and recombination of the electron-hole
are an order of magnitude longer due to the decrease of tHeairs, are in good agreement with the experimental ground-
wave function overlap(see also Table )l Therefore, the level emission energy of these structures. Moreover the re-
nonradiative decay is not a fitting parameter in the comparisults shown that any estimation of polarization field by cw
son between theory and experiment. Such a nonradiative lifeéxperiments should consider the mesoscopic-capacitor ef-
time is obviously typical of our samples. However, evenfect.
though it can change depending on the growth technique,
doping, and, sample and substrate quality, similar lifetimes
have been obtained by other grodfs’

As shown in Fig. 3, the experimental ddtoty are well The expert technical help of D. Cannoletta, A. Melcarne,
reproduced by the theofgolid lineg with 7,,=5 ns. Forthe and I. Tarantini is gratefully acknowledged. This work has
sake of comparison we also plot the limiting cases of a negbeen partially supported by MURST, INFM, and UE Net-
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