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We report on the interaction between photogenerated electron-hole pairs and surface acoustic waves
(SAW) in GaN films grown on sapphire substrates. The spatial separation of photogenerated carriers
by the piezoelectric field of the SAW is evidenced by the quenching of the photolumineg&&nce
intensity. The quenching levels in GaN are significantly smaller than those measured in GaAs under
similar conditions. The latter is attributed to the lower exciton ionization efficiency and carrier
separation probabilities mediated by the piezoelectric effect. The PL spectra also evidence energy
shifts and broadenings of the electronic transitions, which are attributed to the band gap modulation
by the SAW strain field. ©2003 American Institute of Physic§DOI: 10.1063/1.1582556

I. INTRODUCTION store and transport single carriées well as photogenerated
electron-holge-h) pairs®® The latter is based on the ioniza-
Developments in the epitaxial growth of GaN-basedtion of photogenerated e—h pairs and subsequent trapping of
films during recent years have opened additional areas ahe free electrons and holes in the maxima and minima of the
application of these films in electronic and optoelectronicpiezoelectric potential, which propagates with the SAW ve-
devices: The large band gap of GaN has been successfullyocity vsay. The acoustically induced transport requires that
used to realize optoelectronic devices such as lasers anbe drift velocityv .= uF,|max (¢ denotes the carrier mobil-
light-emitting diodes for the ultraviolet energy range. Theity) induced by the longitudinal componela, of the piezo-
large gap is also advantageous for high-power applicationslectric field exceedsgyy, for both electrons and holes. The
and electronic devices operating at high temperatures. spatial separation considerably increases the recombination
The stronger piezoelectric coupling coefficients arisinglifetimes, thus providing a mechanism for the storage of e—h
from the larger ionicity as well as the higher acoustic veloci-pairs.
ties as compared t@Al,Ga)As materials make GaN and AIN In this article, we investigate the interaction of photoge-
films interesting for surface acoustic way®AW) devices nerated carriers with SAWSs in GaN films using spatially re-
based on semiconductors SAW applications of GaN- solved photoluminescencéPL) spectroscopy. As demon-
based materials include, besides high-frequency electronistrated for GaAs-based SAW structufes’the piezoelectric
filters for telecommunicatiof\, electro- and acousto-optic field leads to a suppression of the PL due to the spatial sepa-
light modulators for the ultraviolet spectral rarmfeA fur- ration of electrons and holes. The degree of suppression,
ther advantage ofAl,Ga)N-based films resides on the wider however, is substantially lower than in GaAs, a result attrib-
tunability of the elastic properties with film composition as uted to the reduced exciton ionization probability and the
compared to th€Al,Ga)As system. The latter can be em- lower carrier mobility in GaN. In addition to the reduction in
ployed to control the depth distribution of the acoustic fieldoscillator strength, the PL lines shift in energy and broaden
and to manipulate the SAW modes using acousticunder a SAW. We demonstrate that the last effect arises from
waveguide$. the modulation of the band edges by the SAW strain field.
The modulation of the band edges by the SAW piezo-
electric field provides an efficient way of controlling the
electronic properties of semiconductor structures. The piezo-
electric field induces a type-Il lateral modulation of the band'! EXPERIMENT

edges, which strongly interacts with charge carriers. I Tha fim under investigation consists of a 2a-thick

GaAs-based materials, this modulation has been applied %mi-insulating GaN layer grown by metalorganic vapor-

phase epitaxy on a sapphire substrate. @h¢0001] axis of
¥Electronic mail: jcamacho@upct.es the GaN film and of the substrate are parallel and oriented
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along the growth direction. The in-plaree=x and b GaN
axes, in contrast, are rotated by 30° with respect to those of
the substrate.

The optical experiments were performed on SAW-delay
lines consisting of two split-finger interdigital transducers
(IDTs) deposited on the surface of the GaN films. The high
sheet resistance of the layers 10 kQ1) is important for the
SAW generation since it avoids the screening of the electric
fields created by the IDTs. Under rf excitation, the IDTs
launch Rayleigh-like SAWs with a wavelengtihgay
=5.6 um (corresponding to a frequency of 745.7 MHz at
room temperature and of 748.2 MHz at 6§ HKlong thex

=[1100] direction of the substrate. The finger area of the
split-finger IDTs are 196Qum long and 120um wide. The
thickness and width of the individual aluminum fingers are
60 nm and 0.7«.m, respectively. The employed finger width
I+ corresponds to the minimum line width of the lithographic
process used for IDT fabrication. The latter determines the
SAW wavelength, which is equal td8=5.6 um for split-
finger IDTs. The amplitude of the SAW will be specified in
terms of the nominal rf poweR,; applied to the IDT, which FIG. 1. Profiles for théa) piezoelectric potential energygd sy, (b) hy-

d includ ff iated with rf l | drostatic strairsy, and(c) strain contribution to the band gap modulation
oes not incluade eifects associated with rt coupling 0SS€Snguced by a SAW in a 2.5xm-thick GaN layer on a sapphire substrate. The

By measuring the rf reflection using a networ_k analyzer,_ WEs AW propagates along the=[1100] axis of the sapphire substrate, the
determine that onlyy~15% of the input electrical power iS axis is oriented along the growth direction. The dashed line indicates the
converted into surface acoustic modes at 6 K. interface between the GaN film and the sapphire substrate. The calculations

The SAW beam induces a periodic modulation of theWere performed foP ;=22 dB, which corresponds to a linear power density
) . . of P,=216 W/m.
surface, which was probed using a confocal microscope op-

erating in a Michelson interferometer configuration. The in-

terferometric measurements were performed at room tentontinuous(cw) illumination measurements, the direct effect
perature with a spatial resolution of approximately.t. A of the SAW on the carriers appears when the laser and the rf
frequency-doubled Nd-vanadate lasex, €532 nm) was  power are chopped in phase. When the two excitations are
employed as light excitation source. These measurements &ut of phasdi.e., the laser illuminates the sample when no rf
low us to determine the absolute linear power denBityf power is applied to the IDJT one reproduces the conditions
the SAW beam, defined as the total acoustic power flow pein the absence of a SAW. This procedure, which allows for
unit length perpendicular to the beam cross section. the separation of effects induced by the fast SAW fields from
For the PL studies, the samples were mounted in a&lower effects induced by heating, becomes particularly im-
liquid-helium microscope cryostat T&6 K) with rf portant for the determination of the small transition energy
feedthroughs for SAW excitation. The PL was excited usingshifts induced by the SAW field, as will be discussed in
the A\ =325 nm line of a He—Cd lasditaser intensity of detail is Sec. Il C.
approximately 5uW) focused to a micrometer-sized spot
using a 1< microscope objective. The PL light was col- ||| RESULTS
lected by the same objective and analyzed by a Jobin Yvon )
spectrograph equipped with a cooled charge-coupled-devide SAW fields
detector. The setup has also capabilities to record spatially Figures 1a) and ib) display profiles for the electronic
resolved PL profiles by scanning the laser spot relative to theotential energy- q® s,y induced by the piezoelectric field
sample. and for the hydrostatic strais,= €.+ €,y+€,,, respec-
The PL studies on GaN require the application of high rftively, calculated for the sample structure described earlier.
powers(up to 24 dB to the IDTs to generate large SAW In the last expressiong;; denotes the strain components
fields. The large powers may induce temperature changeslong thex=[1100], y=[1120], andz=[0001] directions
which partially mask the changes in the PL spectrum inducedf the sapphire substrate. The SAW propagates along the
by the SAW fields. In addition, the SAW field may induce sapphirex axis with a linear power density of 216 W/m
carrier trapping by surface states, which distorts the potentigkcorresponding to the one obtained in the experiments when
distribution!**? In order to eliminate these effects, which the IDTs are excited witf;= 22 dB). The calculations were
take place on a time scale much longer than the SAW periodsarried out by solving the elastic equations for SAW propa-
differential PL measurements were performed by choppingyation in the GaN/sapphire structure using the elastic data for
the exciting laser beam and the rf power applied to the IDTthe GaN film reported in Ref. 3. The fundamental Rayleigh
at the same frequency of 630 Hz. In these experimentanode with wavelengti\spy=5.6 um is found to have a
which will be denoted as choppea@h) in contrast to the calculated frequency of gpy=743.342 MHz, which com-

-qPsaw (V)
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the quenching ratio, defined as the ratio between the PL
intensity in the presence and in the absence of a SAW. The
curves marked by cw and ch were obtained under continuous
and under chopped rf excitation, respectively. In the latter
case, slow mechanisms for the quenchisgch as those in-
duced by sample heatihgre eliminated, which reduce the
overall quenching ratioso under continuous light and rf
excitations. The ch curve reflects the direct interaction of the
SAW with carriers, i.e., the spatial separation of the e—h
pairs by the piezoelectric field of the SAW® We checked
thatrq is independent of the chopping frequency within the
probed range from 300 to 650 Hz.

The degree of PL quenching increases with the intensity
of the SAW beam and with decreasing intensity of the exci-
tation light. In general, however, the overall quenching ratios
(integrated over the energy range of the PL sigmalthe
GaN films are considerably smaller than in GaAs measured

PL Intensity (arb. units)

ol— . A P under comparable conditions, where it can be as low as
342 344 346 348 350 352 107217 The small quenching effect is attributed to two
Energy (eV) mechanisms: the large exciton binding energy, which hinders

the ionization of photogenerated e—h pairs, and the low mo-
FIG. 2. (a) Photoluminescence spectra of a GaN film on sapphire recorde ili f th rriers. which prevents th ial ration of
in the absence of a SAWpper curvg and for power level$; applied to Cﬂ) ty of the carriers, ch prevents the spatial separation o

the IDT ranging from O dB(upper curvé to 17 dB (lower curve. The  €l€ctrons and holes by the SAW field. The calculations of the
assignment of the electronic transitions follows Refs. 14 and (6. SAW fields of Sec. Il A yield a maximum valug,= 10
Suencfhing ratia o measured under the cw and ch illumination procedures\//cm for the longitudinal piezoelectric field near the surface,
e e o e e W MOS of the incoming liht s absorbec. This feld was
approximately 1 mm away from the IDT. obtained for a SAW with linear power density of 216 W/m,
which corresponds to the maximum power applied to the
IDT in the present experiment® ;=22 dB). The direct ex-
pares well with the experimental value of 745.7 MHz mea-Citon ionization through the tunneling mechant§mequires
sured at room temperature. Note that although the SAWNuch higher fields(of the orderEg/agon~8x10" Vicm,
wavelength is more than twice as large as the GaN thicknes#hereEg=26 meV denotes the exciton binding energy and
the higher SAW velocity of the sapphire substrate leads to &son=3 NM the excitonic radiys The excitons, however,
strong confinement of the acoustic field within the GaNcan also be ionized through impact with carriers, a process
layer. The piezoelectric potential energy, in contrast, is stronwhich requires significantly weaker fields? The anomalous
ger around the GaN/sapphire interface. Note that the piezdehavior of theX, ,—,, whose intensity increases with the
electric potential in Fig. (8) represents only the SAW con- SAW amplitude, is probably due to the capture of carriers
tribution and does not include the effects of the spontaneougroduced during the ionization of lower lying excitonic
polarization and static strains in the GaN filfiis. states. Such a behavior has been reported for exciton ioniza-
tion experiments using static fields in GaN.

Carrier separation is expected to be limited by the hole
mobility, which in GaN is approximately an order of magni-

The PL spectrum of the GaN films recorded in the ab-tude lower than that of electroA$From the measured SAW
sence of a SAW is dominated by the emission lines from freevelocity v soy=4180 m/s, we estimated a lower limit for the
and bound excitons, as illustrated by the upper curve in Fighole mobility required for SAW-induced transport of
2(a). This spectrum was recorded for cw laser excitation aw gay/F,=40 cnf/(Vs). Hole mobilities of the order of 100
the center of the SAW beam, at a poi@tlocated approxi- cn?/(Vs) have been reported for undoped GaN films at room
mately 1 mm away from the IDJsee inset in Fig. ®)]. The  temperaturé® Hole mobility data are not available for un-
spectral features were denoted following the assignment idoped GaN for temperatures below 250 K to allow for a
Refs. 14-16. The main features correspond to the emissiatomparison with the present data. As for the electron mobil-
from the free excitonX, -1, andXg and from the exciton ity, the hole mobility is expected to increase with decreasing
bound to a neutral donoD(,—X). Weaker lines correspond- temperature down to approximately 100 K, but then to re-
ing to excitons bound to acceptors and to phonon replicas amuce significantly for lower temperatures due to the capture
observed at lower energies. of the carriers by localized states.

Under the influence of a SAW, the PL lines redshift The PL quenching can be used to map the spatial distri-
while their intensities decrease, as illustrated by additionabution of the piezoelectric field across the width of the SAW
curves for increasing rf powers in Fig(#. The behavior is beam. Figures @) and 3b) display the amplitude of the
not shared by th&, ,—,: although it redshifts, the intensity vertical surface displacemeun} measured by interferometry
of this line increases with SAW intensity. Figuréb2shows and the integrated PL intensity, respectively, recorded along

B. PL quenching
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Y (um) FIG. 4. Changes itfa) energyAE and (b) linewidth I" of the PL line from

the X n—; (dots andDy—X (squarestransitions as a function of the SAW
rf power P;. The lines in(a) display the calculated maximum&E;) and
minimum (AEy) energy shifts induced by the SAW strain near the sample
=22 dB. The dashed line is a Gaussian fit to the experimental aita. surface. The line irtb) shows the peak-to-peak modulation of the band gap

Spatial profiles of the integrated PL respofisgegration range from 3.47 to AEg:AES_AEQ :
3.50 e\j recorded at low temperatures along the same line in the presence

(thick line, P;=17 dB) and in the absence of a SA(dashed ling (c)
Energy shifts of theX, ,—; excitonic line induced by SAW with different
amplitudes.

FIG. 3. (a) Vertical displacementi, measured by interferometry along the
line A—B indicated in the inset of Fig.(d). The interferometric measure-
ments were performed at room temperature by exciting the IDT Rijth

tracting the corresponding shifts measured when the light
and rf power are chopped out of phase. This differential pro-
cedure allows for the determination of energetic shifts much
the line A-B indicated in the inset of Fig.(B). The PL was smaller than the characteristic width of the PL lines. An ex-
integrated over the energy range from 3.47 to 3.50 eV. Th@mple is illustrated in Fig. &), which displays the spatial
SAW beam has a Gaussian-like cross section with a fuldependence akE across the SAW beam. Note that the pro-
width at half maximum of 7Qum at a position 1 mm away files for the absolute values &fE follow closely the spatial
from the IDT. The latter corresponds to approximately halfdependence of the vertical displacemapin Fig. 3a).
of the IDT aperture of 12Qum. The small structures in the Figures 4a) and 4b) display the variations in the mean
PL profile reflect the inhomogeneity in the PL response alongnergyAE and in the linewidthAT" of the main linesX ,—;
the scan line, which is also present in the absence of a SAWdots andDy—X (squaresinduced by a SAW as a function
(dashed ling As for the interferometric data in Fig(&, the  of the rf power applied to the IDT. Although both excitonic
PL quenching is only observed within the SAW beam width.lines are associated with the same band edge states, they
The apparent beam width obtained from the PL measuredisplay qualitatively different dependencies on the amplitude
ments is larger than that expected from interferometry. Th@f the SAW field. While the line width of the&, -, line
difference is attributed to the distortion of the profiles in- does not vary appreciably as the line redshifts,ie-X line
duced by the nonlinear dependence of the PL intensity on theroadens considerably fét<15 dB, without substantially
SAW amplitude. For quenching ratios<k 3<0.3, the PL  changing its center position. As will be demonstrated below,
intensity decreases logarithmically with SAW power. the different behaviors are associated with the extended and
localized character of th&, ,—; and Dy—X lines, respec-
tively.

The energetic changes of the PL lines are associated with

Further information about the interaction between thethe band gap modulation induced by the strain and by the
SAW and the materials band structure is obtained from th@iezoelectric field. The energy shifts induced by the hydro-
energy and from the linewidth of the spectral PL features. Asstatic strain component increase linearly with the SAW am-
indicated in Fig. 2a), the PL lines shift to lower energies plitude and are expected to be the dominating mechanism for
with increasing SAW amplitudes, leading to the derivative-small SAW intensities. Energy shifts associated with the pi-
like spectral shape ofg in Fig. 2b). In order to obtain ezoelectric field, which are quadratic in the SAW amplitude,
reliable values for the energy shifts and for the changes imre likely to appear only for high SAW intensities. We
linewidths induced by the SAW, the PL spectra measureathecked for contributions from the piezoelectric field by per-
using the modulation procedure described in Sec. Il werdorming PL measurements with different excitation intensi-
fitted with a sum of Gaussian curves used to represent thiges. The high carrier density produced by large photon fluxes
different transitions in Fig. @). For each SAW intensity, the screens the piezoelectric field, thus leading to lower PL
shifts AE were corrected for temperature changes by subguenching ratios. At the same time, energy shifts induced by

C. Energy shifts
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the electro-optical effect are expected to decrease. We mea- In contrast to theX, ,—; line, theDy—X line broadens
sured, however, similar energy shifts over the whole range ofonsiderably with the SAW amplitude while its average en-
intensities investigated hef&om 0.5 to 50uW), thus indi-  ergy only shifts for very high SAW powers. This behavior is
cating that the piezoelectric field has a minor influence orattributed to the large electron capture cross section of ion-
the energetic position of the PL line. ized donors, which traps photogenerated electrons before
The sinusoidal band gap modulation induced by thethey can drift over distances of the orderof,/2 in the
strain field splits the PL line into a pair of lines shifted by piezoelectric field. Since the spatial modulation of the hole
AEg and AE; with respect to the transition energy in the concentration is weak, bouridy,—X excitons form with ap-
absence of a SAW. The energetic separation between thgoximately the same probability at the positions of small
doublet linesA EngEg—AEg corresponds to the differ- and large band gap. As a result, the effective PL linewidth
ence between the minimum and maximum gHps.The increases withAE,, while the average PL energy remains
splitting into two lines, instead of a simple broadening, isapproximately constant. This behavior is in agreement with
associated with the large time-averaged joint density of state§ie experimental data in Fig. 4.
for transitions between the conduction and valence bands at
the positions of minimum and maximum band gaps inducedV. CONCLUSIONS

by the _sinusoidal modulati(_)H.A clear splitting is not Op' . In conclusion, we have investigated the interaction be-
served in the present experiments because the PL linewidth Reen photogenerated carriers and the acoustic and piezo-

larger tham E, . As will become clear in the following para- ¢|0cyic fields induced by a SAW in GaN using spatially re-
graphs, the ratio between the oscillator strengths of the dous, 4 p| The spatial separation of photogenerated carriers
blet components also depends on the SAW amplitude, whicly, e hiezoelectric field is evidenced by a quenching of the
leads to an energetic shift of the measured PL line. PL intensity. The PL quenching effect in GaN is significantly

The strain-induced shifts of the conduction and Valencesmaller than in GaAs, as expected from the lower exciton
bands were calculated by diagonalizing the strain Hamili,hi;ation efficiency and carrier mobility. From the values of

tonian by Bir and Piku for the hexagonal GaN crystal. The ¢ piezoelectric field, we estimated an upper limit of ap-

calculations were performed by using the full strain tensorproximately 40 cril(V's) for the hole mobility in intrinsic

determined by the elastic calculations of the SAW fields. Thes 4N at low temperatures. As far as the acoustically induced
deformation potentials required to calculate the energy shiftgansport is concerned, these results show that the stronger
from the strain field were extracted from Refs. 23 and 24iez0electric fields expected from the higher piezoelectric
The spatial dependence of the gap modulatd®y is dis-  ¢oypling of GaN as compared to GaAs do not compensate
played in Fig. 1c). The latter is mainly determined by the fqr the Jower mobility of the carriers.

volume changes induced by the hydrostatic component of the  The p| spectra also reveal a shift and broadening of the
strain field, which is shown in Fig.(). The largest band gap - ejectronic transition energy. By comparison with band struc-
modulation is found near the surface of the sample. The enyre calculations, we demonstrate that these effects are asso-
ergy shifts of the high&Ey) and low AE,) strain-splitted  ¢jated with the modulation of the band edges by the SAW
PL components at the surface are displayed as a function Qfrain field. The dependence of these quantities on SAW in-
the nominal rf power by the solid lines in Fig(a. tensity is considerably different for localized and for free

The energy shifts of th&, -, line in Fig. 4a) follow  eycitons. The latter is attributed to the different exciton for-
reasonably well the calculated energy of thE, transition  mation dynamics in the two cases.

near the surface. In fact, due to the strong absorption of the

excitation light, most of the e—h pairs are expected tq P&\ cKNOWLEDGMENTS
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