142 Electrochemical and Solid-State Lettetg3) 142-144 (1998)
S1099-0062(98)03-062-4 CCC: $7.00 © The Electrochemical Society, Inc.

Electroluminescence at GaN and Ggn (N
Electrodes in Aqueous Electrolytes
Chen-Jen Hung?Lara I. Halaoui,2 Allen J. Bard,2"Z Paul A. Grudowski,P
Russell D. Dupuis?-* Jay Molstad and Francis J. DiSalvé

aDepartment of Chemistry and Biochemistry, The University of Texas at Austin, Austin, Texas 78712, USA
bMicroelectronics Research Center, The University of Texas at Austin, Austin, Texas 78712, USA
cDepartment of Chemistry, Cornell University, Ithaca, New York 14853, USA

Electroluminescence (EL) of single crystal and thin films of GaN anthGdN (x = 0.8) was observed in aqueous solution con-

taining peroxydisulfate on passage of cathodic currents. The resulting emission was compared with the photoluminescence of the
same materials on ultraviolet light excitation. Only the subbandgap emission was observed in EL for GaN electrodes. The positio
and intensity of this emission peak depended on the applied potential, with a significant blue shift observed with ingkeding ap
potential. The EL spectra of @a;_ N only showed a yellow luminescence band at lower applied potentials. When a more nega-
tive potential was applied, the near-bandedge emission (2.9 eV) appeared.
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The 11I-V nitride semiconductors and their ternary compounds
have recently attracted significant interest because of their potenti. - e

use in optoelectronic devices, such as visible and ultraviolet (UV CB e ] 3 5305‘_
light emitting diodes (LEDs) and lasers. It was mainly the realizatior — . SO 0. >
of bright blue and green LEDs based on GaN heterostructures th ol + o,

spurred the increased efforts in making and understanding the pro
erties of these materialsinN, GaN, and AIN are direct bandgap
semiconductors with bandgap energies of 1.9, 3.4, and 6.2 e\ . hv
respectively. The size of the bandgap can be manipulated, with ene bg /
gies ranging from the red region in the visible to the deep UV regior H
by varying the composition of the ternary materfalghile the opti-
cal characterization of these compounds by photoluminescence (P [
and solid-state electroluminescence (EL) has been extensively inve /I

tigated, no reports of solution phase EL have appeared. Light can |

generated at semiconductor electrodes through electron-hole recoiyj | 50,2
. . e > L Ty - 4 X
bination by the use of specific electrode reactions. The principles ¢ h Figure 1.
this experiment are shown in Fig. 1. In this article, we report the EL \..,__/ S0, Schematic
properties of single crystal n-type GaN andl&a,N thin films and 4 diagram  of
bulk single crystal electrodes in the presence of peroxydisulfate. . the electrode
semiconductor electrolyte  reactions.

Experimental

The GaN and Ggn; N (x = 0.8) thin film electrodes in this
study were grown by low-pressure metallorganic chemical vapor
deposition (MOCVD) on sapphire substraidsThe primary pre- used to acquire EL spectra. The PL measurements were performed
cursors employed were trimethylgallium (TMGa), trimethylindium at room temperature with excitation by a continuous-wave argon-ion
(TMIn), ammonia (NH), and silane (Silj for the n-type doping. laser operating at a wavelength of 275.4 nm. A GaAs-photocathode
The Si-doped GaN thin film was 1pin thick and the Ggn,_,N thin photomultiplier tube was used as the detector and a digital elec-
film was 200 nm thick on a 1.am thick GaN layer. Bulk single trometer was used for measuring the detector current.
crystals of GaN were synthesized by heating Nah Ga metal in Results and Discussion
a stainless steel tube sealed under nitrogen atmosphere at 600-800°C
for 24-96 h° Larger single crystals, with dimensions > 0.1 mm, were

prepared at 700-800°C with 3 mmole of NefNGaN single crystal recombination of an electron with a hole in the semiconductor has

electrodes (0.6-0.7 mm) were used for this study. These electrod : i} . : -
were etched in 1 M KOH at 70°C for 25 s before a series of me ‘?_)Seen attributed to a two-step reduction mechanism of peroxydisul

X 8 .
surements. Ohmic contact to films and crystals was made with Ge%ff?ct)%(ch'g'Ci)r?duzggr:nt;gﬁbs(tgg)(?;églz)_ oceurs by electron transfer
In eutectic; the contact was shielded from the solution with epoxy

cement. The EL experiments employed a conventional three-elec-
trode configuration in a quartz cell containing a platinum gauze elec-
trode as the auxiliary electrode and a Ag/AgCI electrode as the ref-
erence electrode. The luminescence was obtained by applying a cop;,
stant potential to the semiconductor working electrode in an aqueoys,
0.1 M K;S,Oq solution. A charge-coupled device (CCD) camera
(model AT200, Photometrics, Phoenix, AZ) cooled to -134°C was

The EL observed during reduction of peroxydisulfate has been
studied at various materidld. The luminescence produced by

S,0g2 + € (CB) 0 SO, + SO2°  €2<0.6Vvs. NHE [1]

The oxidizing strength of SO is sufficient to capture an elec-

n from the valence band (VB) and thus cause injection of a hole
o the valence band in the second step

SO0 SO2Z +h+(VB)  €234Vvs.NHE  [2]

* Electrochemical Society Fellow.

2 E-mail: ajbard@mail.utexas.edu The PL spectrum of a Si-doped GaN sample at room temperature is
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Figure 2.(a) Room-temperature PL of Si-doped GaN tlilim.f The near
bandedge and the yeldransition occur at 363 and 575 mespectiely. (b)
EL spectra at diérent step potentials on the same tiim f5aN electrode in
0.1 M K,S,0g at pH 2.7.

shavn in Fig. 2a.The neatbandedge and the yeliotransition are
centered around 363 and 575 nmespectrely. Figure 2b shas EL

spectra at dférent step potentials on the same tlilim {GaN elec-
trode in 0.1 M KS,0g at pH 2.7 The radiatie recombination of the
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Figure 3.(a) Room-temperature PL of @@ ,N thin fiilm. The neaiband-
edge emission occurs at 420 nm. (by&epment of EL spectra for dérent
potential pulses on the same thimfGan, N electrode in 0.1 M KS,0,at
pH 2.7.

sion at 420 nm and a broad subband emission in ther lenegy
region. Figure 3b shes the EL spectra for steps tofdient poten-
tials on the same thirlrh Galn, N electrode in 0.1 M KS,Og at
pH 2.7.The EL spectrum of a Gla;N electrode sheed only the

injected holes with conduction band electrons did not produce neatellow luminescence band at an applied potential ofV-%s.

bandedge emissioithe subbandgap emission obsshin both PL
and EL has been attrited to transitions to deep acceptorels,
probably due to theallium vacancie$. The EL spectra were blue
shifted by about 32 nm ik, With the applied potential changing
from -1.2 to -5V vs.Ag/AgCl. The intensity of the EL also increased
with increasing ngative applied potentialThe blue shift of the
emission peak with increasingattation rate has also been observ
with several II-VI semiconductors lik ZnS?

The photogeneration rate okaess carriers with greater than
bandgap opticabeitation conditions empied for the PL data are

Ag/AgCl. When a more rgative potential vas appliedthe interme-
diate states that ar#léd from the conduction band became saturat-
ed and the nedrandedge emission (2.9 eVasvmore prominent.
Comparison of the PL spectrum and the EL spectravstgomore
pronounced yell band transition for the EL measuremenitse
small periodic intensity modulation within the yelidand (500-900
nm), e.g.,shavn in the -2V curve (solid line) in Fig. 3bcan be
attributed to interference fefcts in the ~200 nm thick Gla; N
layer10

The EL spectra of wlk single crystal GaN with the potential

probably much higher than the corresponding e-h pair generatiopulse of -1 and -¥ vs.Ag/AgCl are shan in Fig. 4A broad emis-

under EL condition3Ve would normally &pect that such trap-relat-
ed luminescenceould be saturated at reladly high excitation lev-
els with bandedge recombination making a strong casttoib rela-

sion peak at 620 nmas obser@d with a potential step to \ this
shifted to 580 nm when a potential of\VAvas appliedconsistent
with the trend obseed for the GaN thinilins. Because of the small

tive to the trap luminescence under high-intensity excitation.size of the crystal fgosed area 0.6 mn¥), hydrogen gaswhich is

However, at low excitation intensitiesthe traps capture virtually all

evolved with all of these electrodes at thesgatiee potentials puilt

of the excess carriers and the trap-related luminescence dominates o and ceered the entire single crystal sage, resulting in a

the EL spectrum.
The room-temperature PL spectrum of al6aN sample is
shawvn in Fig. 3aThe spectrum shes a strong nedrandedge emis-

decrease of the light intensity with timEehis efect became more
important at more rgative potentials (higher currents) and accounts
for the obsergd decrease in emission atV*ZFig. 4) and preented
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oo e ! electrodes in agueous solution. Compared withtR&,EL of both
— -1V AglAg(l GaN and Ggn, N electrodesxhibited stronger yello band emis-

- = -2V s AnfApC] sions.
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