Photoluminescence from wurtzite GaN under hydrostatic pressure
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The photoluminescence spectrum of undoped epitaxial wurtzite GaN layers on sapphire was
measured for applied hydrostatic pressures up to 73 ki@rkaand up to 62 kbar at 300 K. The
pressure dependences of theexciton recombination line and the “yellow” ban@.2 eV band at
ambient pressujevere examined at 9 and 300 K, and the series of donor-acceptor-pair emission
lines was analyzed at 9 K. From thglines, it was found that the band gap increases with pressure
by 4.4+0.1 meV/kbar 89 K and 4.70.1 meV/kbar at 300 K. €995 American Institute of
Physics.

The IlI-V nitride semiconductors are attractive candi- PL spectrum was found to be the same as it was before
dates for fabricating high speed electronic deviéemd op-  pressure was applied.
tical devices that are active from the red into the UM Representative PL spectra at 9 and 300 K are presented
particular, GaN is of interest for its potential as a blue andn Fig. 1. At 9 K, the biggest peak is thg line (3.472 eV at
UV light emitter. This has spurred intensive experimentall bap, which corresponds to the recombination of an exciton
and theoretical research to understand the electronic structub®und to a neutral donor. A series of donor-acceptor-pair
of wurtzite and zinc-blende GaN, including the values of the(DAP) emission lines(zero phonon line at 3.271 eV for 1
band gaps and the location of critical poiftsS.In particular, ~ban and the “yellow” band(2.2 eV band at ambient pres-
the pressure dependence of the photoluminescéPiceof  surg are also strong in the PL spectrum at 9 K. The peak of
GaN is very useful in understanding the electronic energyhel; line is over an order of magnitude larger than that of
band structure and structural properties. The pressure depeifie “yellow” band. At room temperature, the “yellow” band
dence of the band gap for wurtzite GaN at room temperaturés the dominant emission, tHg line is weak but still mea-
has been measured previously up to 55 kbar by transmissiditirable, and the DAP lines are abséfig. 1). The relative
spectroscopyand the band gap of zinc-blende GaN has beerPL intensity of these features is known to be very sensitive to
measured at 10 K up to 50 kbar by Pln this investigation, laser intensity and temperature. The dependence of the de-
the pressure dependence of the band gap for wurtzite GaN {gction sensitivity of the optical apparatus on wavelength
determined &9 K up to 73kbar and at 300 K to 55 kbar by Was determined by using tungsten and xenon lamps; the
using thel, line of the PL spectrum. In the course of this SPectra in Fig. 1 have been corrected for variations in spec-
work the effect of applied pressure on other radiative fealral sensitivity. This calibration procedure proved to be very
tures at 9 and 300 K is also examined.

The unintentionally doped wurtzite GaN epilayer under
study was grown by low-pressure organometallic vapor ] 300 K
phase epitaxy on @001) sapphire substrate surface and was 1 455 Kpar
3.2 um thick? This thick single-crystalline epitaxial layer is ]
incommensurate because of the large lattice mismatch

YELLOW BAND

(~14%) between the GaN film and the substrate, though =5 -1 39K S T
there may be a slight strain in the film due to differential < ]

thermal contraction of the film and substrate after cooling %

from the growth temperatur]ez. Measurements were con- g 9K

ducted on thinned samples in a diamond anvil cell that was Z 542 Koar xo1

loaded with liquid argon to attain quasihydrostatic condi-
tions. PL was excited by the 325 nm li§8.81 e\j from a ] 9K /! 7‘
He—Cd laser directed onto the GaN fillh 16 mW, and was N 45 Kbar % 0.1 ?fp <
collected in “backscattering” configuration. It was dispersed T _/\_ﬂ,

by a 0.85 m dou_blg spectrometer, and then detected by a 16 18 20 22 24 26 28 30 32 34 36 38
cooled photomultiplier. After the pressure was released, the ENERGY (eV)
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INRC/NRL Cooperative Research Associate. FIG. 1. PL spectra of undoped GaN epitaxial layers at selected pressures at

PCurrent address: Optex Communications, Rockville, MD 20850. 9 and 300 K. These spectra have been calibrated for variations in detection
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4 TABLE I. Energy positions and pressure coefficients for the PL peaks, using

the fit of Eq. 1.
J E(0) a B
] (eV) (meV/kba) (1072 meV/kbaf)
S :M 1, line
> 9 K 3.472+0.002 4.4-0.1 —1.1+0.2
;_’ 3 300 K 3.4110.002 4.7#0.1 —-1.6+0.2
% 34
& DAP lines (9 K)
] Zero LO 3.2710.001 4.0:0.1 —0.5£0.1
. One LO 3.1780.001 4.2-0.1 -0.8x0.1
b Two LO 3.082£0.004 4.3:0.3 —-0.8£0.4
W Yellow band
| 9 K 2.23+0.01 3.4:0.3 —0.5+0.4
N — 300 K 2.17+0.01 3.3-0.8 1.3+0.6
0 10 20 PSI?SSURS (()kbor)so 80 70 From other published work
Eg (300 K? 3.41-3.48 47 -1.8
DAP (ZB) (10 K)° 3.199 4.5 —2.8
FIG. 2. The dependence of the PL peak energies of itiee (O at 9 K, ® FB (zB) (10 K)° 3.268 4.4 1.7

at 300 K), the “yellow” band (O at 9 K, B at 300 K), and the DAP lines

(zero phonor( #), one phonor(A), and two phonor{V) lines at 9 K as a  2The wurtzite GaN band gap obtained from the absorption edge in Ref. 3.

function of pressure. The data points are plotted, along with curve fits usin§The donor-acceptor line of zinc-blendgB) GaN in Ref. 4. It is assumed

the parameters listed in Table I. that the quadratic parameter listed in this refereng@dsd notd?E/d P? as
claimed becaused®E/dP?=2g.

. . . . . The free-electron to bound-hole line of zinc-blende GaN in Ref. 4. See the
important in determining the relative heights of the DAP .;mnmentin b.

phonon replicas and the line shape and peak position of thiFhe value of the band gap measured at ambient pressure may vary from
“yellow” band as pressure was changed. sample to sample due to their different electron concentratidet 3.

Figure 2 plots the peak energies of these spectral features
as a function of hydrostatic pressure at both temperatures.
The pressure dependence of the peak en¢kjyof each
feature is characterized by fitting the data to:

The parameters that characterize the pressure depen-
dence of the zero phonon DAP line and the first and second
LO phonon replicas of this line are presented in Table I. The
magnitudes of the linear and quadratic pressure coefficients
of the DAP lines for wurtzite GaN are smaller than those for

where P is the pressure in kbar. The fitting constants arethe! line, and are also smaller than those for the DAP lines
listed in Table I, and the fits are displayed along with the datdn zinc-blende GaNsee Table)l As pressure is increased,
points in Fig. 2. Measurements of the line & 9 K were  the relative intensities of the zero, first and second phonon
conducted only up to 73 kbar, because at this pressure tHéplicas of the DAP lines in wurtzite Gak® K) do not
band gap approached the energy of the laser photonghange, remaining in the ratio 1:0.5:0.2. This is seen in Fig.
Though at 300 K it is possible to conduct such measurements, Which has been corrected for spectral response variations.
at even higher pressures, the position ofithéne could not The intensity of the “yellow” band changes by less than
be determined at pressures higher than 55 kbar because H§% as the pressure is increased up to 73 kb@r. 1). From
the poor signal-to-noise ratio, due to fluorescence from thdable I, the linear coefficient is seen to be significantly
diamond anvils and interference from the 340 nm plasma&maller than those of thi and DAP lines.
line from the He—Cd laser. At 300 K, the “yellow” band was The pressure dependence of theline at 300 K is the
analyzed up to 62 kbar. same as that of the band gap determined by the absorption
The pressure dependence of theline is sublinear at edge, which would suggest that the binding energy of an
both 9 and 300 K, though more so at 300d&andg for this  exciton bound to a neutral donor does not change apprecia-
line at 300 K are almost the same as those for the band gdply with pressure. Though the application of pressure in-
E4 obtained from the absorption edgzee Table)l® Also, at  creases the binding energy of a shallow exciton because of
9 K these parameters are nearly the same as those seen &y increase in the electron effective mass and a decrease in
zinc-blende GaNsee Table)l The line shape of the, line  the dielectric constant, the pressure-induced change of its
remains the same up to 73 kbar; its intensity is fairly constanbinding energy is expected to be quite negligibtel%), as
up to ~55 kbar and then it decreases with increasing presis seen by using the effective-mass approximatidihere-
sure. Thel, line is not split at ambient pressure so biaxial fore, it is reasonable that the pressure dependence dfthe
strain, from lattice mismatch or differential thermal contrac-line & 9 K should be the same as that of the band gap at 9
tion during cooldown after growth, is small. A splitting, or a K.’
change in splitting, would be expected for commensurate The magnitude of3 for thel, line in wurtzite GaN at 9
layers as pressure is applied, when the epilayer and substrafedetermined here is smaller than that for the free electron-
have very different elastic constaritas is true for GaN and bound hole(FB) transition line in zinc-blende GakRef. 4
sapphire. (Table ), while the values ofx for both structures are the

E(P)=EoP=1 ban+aP+ BP? )
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same within experimental uncertainty. Any such differencesvurtzite GaN « is largest for thel',—T'. gap (3.9 meV/
could be attributed to the different pressure dependences &bar, a little smaller forI',—A; (3.6 meV/kba), and is
the band gaps in wurtzite and zinc-blende GaN, since thenuch smaller for all otheF ,-conduction band critical point
I, and FB lines should track the band gaps in these respegaps. A deep donor state that is localized at or in between
tive materials. These trends are consistent with the tendendy. and A, would have arnx about equal to that of the band
of the results of the theoretical work of Ref. 5, which givesgap. A deep donor state extended over a wider region in the
@=3.9 meV/kbar andB=-3.2x10"2 meV/kbaf for Brillouin zone would have arw smaller than that of the
the band gap in wurtzite GaN, ang=4.0 meV/kbar and energy gap, as is observed hesieweighted over the entire
B=-3.8Xx10"? meV/kbaf for the band gap in Brillouin zone is~1.7 meV/kbar, using the results from Ref.
zinc-blende GaN. 5, which is significantly smaller than that measured here and
Using the configuration coordinate modehe constant suggests that the deep center is somewhat localizedlhear
relative intensities of the DAP phonon replicas with chang-and/orA. .
ing pressurdg9 K) suggest that the relative equilibrium posi- In summary, the pressure dependences of the band gap in
tions of the donor and acceptor state energy curves and theurtzite GaN at 9 and 300 K have been determined from the
curvatures of these curves change very little as pressure ihift of the peak position of thé, line with pressure; the
creasesa for the DAP lines depends on the increase in thedependence at 300 K is similar to that determined from
energy separation of the donor and acceptor states, whidband-edge absorption. The changes of the DAP lines and the
tracks the band gap change, and the pressure-inducégellow” band upon compression have been described in the
changes in phonon energies. The difference fior adjacent terms of the band and configuration coordinate models.
DAP lines is~0.1-0.2 meV/kbar. If this difference were due We would like to thank Evan Glaser for his valuable
to the changing LO phonon energy in the acceptor state wittomments on this manuscript. The authors at Columbia
pressure, then this pressure dependence would be larger thaould like to acknowledge support by the Joint Services
that previously measured for TO phonons in wurtzite GaN Electronics Program through Contract No. DAAH04-94-G-
0.05 meV/kbar? 0057.
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