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Electron-stimulated desorptioeSD) of hydrogen from GakD001) has been observed and characterized
using electron-energy-loss spectroscopy. Auger electron spectroscopy and low-energy electron diffraction
show that the GaN surface is clean but faceted. As previously reported, saturation exposure to atomic hydrogen
produces a decrease in the intensity of energy-loss peaks at 3.5 and 6.6 eV and an increase in the intensity of
loss peaks at 11.7 and 18 eV. Bombardment with 90 eV electrons produces a reversal of the hydrogen-induced
changes at 3.5, 6.6, and 11.7 eV. The increased intensity at 18 eV is almost unchanged by electron exposure.
We conclude that the reversal of changes at 3.5, 6.6, and 11.7 eV is due to electron-stimulated desorption of
hydrogen from Ga sites while the loss peak at 18 eV is due to bulk hydrogen and not affected by 90 eV
electrons. Cross sections for removal of H and D are found to hel(x 10 " and (7+3)x 10 ¥cn?,
respectively. The large cross section and small isotope effect for ESD of hydrogen from GaN indicates the
participation of a long-lived excited electronic stdt80163-18209)13931-4

INTRODUCTION lence electron and the excess energy ejects a second electron.
The doubly ionized state experiences additional relaxation

Gallium nitride (GaN) and its alloys with InN and AIN through the ejection of an atom or ion. A further mechanism
have been studied because of their applications in red to usuggested for ESD of H from Si at energies below the elec-
light-emitting diodes, lasers, and detectors, as well as hightron excitation threshold involves the multiple vibrational ex-
temperature, high-power, and high-frequency electroniéitation of the Si-H bond? .
devices~ To achieve high etch rates and anisotropy during  ESD of hydrogen from Gaf0001 has been previously
etching of GaN, high temperaturs, reactive chemicals, 'eported by Bermudeet al. " They reported that 90 eV elec-
and/or high ion energies are requirtliThe use of electron- trons with a current density of-60 uA/cm” efficiently re-
or photon-stimulated processes for etching may be ongoved hydrogen from the _surface. The authors have recently
method to avoid the use of reactive chemicals, damage pr(;Eported the results of a high-resolution eIectron—energz%/-loss
duced by high ion energies, and material limitations impose@P€CctroscopyHREELS study of hydrogen on Gal001,™
by high temperatures. Gillist al. have recently reported that Which concluded that hydrogen atoms adsorbed to Ga sites
GaN can be etched by low-energy electron bombardment jgnd that the surface is Ga-terminated. The authors also re-
a hydrogen atmosphere by a technique called low-energ§ently reported on the study of hydrogen on Gab0J) us-
electron-enhanced etchirgE4).” It is a low-damage dry- Ng_electron-energy-loss spectroscofiyELS), which de-
etching technique which uses 1-15 eV electrons and a reag¢fibed changes in electronic structure observed in EELS
tive speciesH) to achieve etch rates of 200 A/min, avoids after hydrogen adsorption on Ga sifésin this work, we
ion-beam damage, and gives anisotropic pattern transfer. THRerform EELS, Auger electron spectroscopkES), and
mechanism of LE4 etching in an H plasma remains to bdoWw-energy electron diffractiofLEED) to examine electron-
explained. Electron-stimulated processing also has the adfimulated desorption of hydrogen from G&RIOD. EELS is
vantage of being spatially selective, making possible the proused.to obtain the cross sections for electron-stimulated de-
duction of patterned surfaces without masking. Electrorsorption of H and D from Gaf0002.
beam patterning of hydrogen-saturated Si surfaces has been
achieved witl;inllét masking using a scanning tunneling micro- EXPERIMENTAL DETAILS
scope(STM).

Electron-stimulated surface processes have been studied This work was performed in a three-chamber stainless-
for many year§*'*and there are several models which havesteel ultrahigh-vacuuniUHV) system with a base pressure
been proposed to account for electron-stimulated desorptionf 2 10 1°Torr. Details of the UHV system and sample
(ESD). Menzel and Gomé? and Redhedd put forward a  mount have previously been descritféd.
model (MGR mode) which is a direct excitation process  The GaN sample used in this study was grown by metal-
from an initial bonding state to an antibonding state thatorganic chemical vapor depositidiMOCVD) at the Naval
dissociates before it has time to relax. Knotek and FeibelmaResearch Laboratory and is 5 mm wii&2 mm long?? The
suggested an Auger process in which a nonradiative decay @aN film was grown ora-plane sapphire, which was heated
the core hole takes pla¢éThe core hole is filled by a va- to 1180°C for 10 min followed by the growth of a low-
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temperature 250-A-thick AIN layer at 600 °C. The AIN layer -ttt
was ramped to the growth temperature under;Ha tem-
perature of 1040 °C for the growth of the GaN film. The GaN f
film was grown using TMGa and NHwith H, as a carrier - e
gas. It is silicon doped with a carrier concentration of 2 2
X 10" cm~3 and a mobility of 400 cAIV s. g d
The sample was cleaned with acetone and rinsed with E’ ¢
isopropyl alcohol before insertion into UHVh situ sample - b
cleaning was performed by a procedure of bombardment '?3
with 1 keV nitrogen ions and annealing in UHV at 900 °C. = a
This method of cleaning has been shown to leave acleanand ¥
well-ordered surface although faceting has been )
reportedt®2223 Cleanliness of the sample was verified by 2
AES, which detected no oxygen or carbon to our sensitivity =
of ~5% of a monolayer. &
A dynamic backfill of H was used for atomic hydrogen g
dosing. Atomic hydrogen production was accomplished us- é
ing a W filament heated to 1500°C as previously
described® Exposures using the heated W filament will be
referred to as M since the sample is simultaneously exposed AT T T T
to molecular and atomic hydrogen. Exposures are givenin = ¢ ‘5 10 1'5 2'0 2'5 30

Langmuirs(L) of H,, where 11=1x10 °Torr sec. Previous
experiments using HREEL&Ref. 20 and EELS(Ref. 21) Energy Loss (eV)

have shown saturation of Gab001 to occur near 50 L H FIG. 1. First-derivative electron-energy-loss spec¢tt& N(E)/

using the same dosing procedure. The sample temperatufigs) of (5 sputtered and annealed GEROD) and successive spec-

during H* dosing remained at-60 °C. Even after a large 5 of the H-saturated Gam001 following electron exposures of

dose of 3000 L of M, no carbon or oxygen was detected by (b) 0 electrons/crf(0 min), (c) 1.9x 10 electrons/crh (1 min), (d)

AES. 7.6x 10%electrons/crh (4 min), () 1.5x10'7electrons/crh (8
EELS was performed using an incident electron energy ofin), and(f) 3.8x 107 electrons/cr (20 min). All spectra follow-

90 eV, which has been reported to result in electronding hydrogenation were acquired from the same sample spot. In

stimulated desorptiofESD) of hydrogen from GaN®?In each case, the electron exposure and time given in parentheses cor-

order to minimize the rate of ESD, the incident current den+espond to the start of the spectrum.

sity was reduced as much as possiblg=0.40uA and cur-

rent density=50 wA/cm?) while still yielding sufficient reso- by LEED from GaN0001 as previously reporte®. Al-
lution (modulation amplitude0.25V) and signal to noise. ough the LEED exhibited good contrast, faceting of the
All spectra shown h_ave been n_ormglized at a loss energy Qi tace was quite evident. We have verifieéj using HREELS
30 gv. The scan time was minimizg@d=34 9 and scans and AES that the sputtered and annealed GaBD-(1
begin at a loss energy of 30 eV and end at 2 eV. Electro 1) surface is free of hydrogen and other adsorbates. Figure
exposure was p_e_rformed by the electron gun_used for EEL shows the first-derivative EELSA(EN(E))/dE] after
durmg the acquisition of spectra, and successive spectra We%uttering and annealing, and after 200 L of kxposure
acquired on the same sample.spot. Auger electron spectf llowed by various amounts of electron bombardment. For
were acquired wit a 3 keV incident electron beam and a each spectrum, electron beam bombardment time and elec-

modulation amplitude of 1.0 eV. tron exposure at the beginning of each spectrum is given.

_EEdLS_tdhata rel_pc;rt_edlln Fhe Ilteralture ha\;eloftkerj beenl_acThe spectrum of the clean surfaffeéig. 1(a)] is similar to
quired with a cylindrical mirror analyzer and lock-in ampli- previously reported clean GaN(000(1x 1)

fier which collects a signal proportional ®tEN(E))/dE. 9,21,23,24 ;
Although this does separate the loss-related features from tfi(g?fgtgzl' foll Owin-;h%eoa[eﬂc%r:(?gi?g I(:‘SC r;z;r;%eisntgigzﬁlclean

smooth background, the positions of peaksl{EN(E))/dE which have previously been describ@dThe double peak

data do not correspond with energy states determined b - - -
other probes of electronic structure. In this work, EELS dat Centered near 20 eV merges into a single peak and a leveling

are acquired using the retarding field method with a Iock-iré:of the entire region from 9 to 15 eV is also seen, with an

amplifier, which yieldsN(E). For comparison to other pub- Egr:&gztrioge)o;fgelgi%k between 9 and 11 eV and the dip
“ﬁhid Wgrk of the clean Ga(IQO(rJ]:D specrt_‘rumhand begause With continued electron bombardment, substantial
the first-derivative spectra emphasize the changes due to ) y :
adsorption, we also presetEN(E))/dE spectra. The first- Ehanges to the H-saturated surface are observed. What is

T : ST apparent is that most of the change in the EELS spectrum
derivative spectra are obtained by multiplying tEE) data occur within the first 8 min of electron bombardment. After
by electron energy before differentiating numerically.

20 min, the EELS spectrum appears similar to the one ac-
quired from the clean surface. The broad single peak of the
0-min spectrum centered near 20 eV emerges as a double
After sputtering and annealing, a hexagonal 1l pattern  peak following electron exposure. A reversal of leveling of
with sharp spots and low background intensity was observethe entire region from 9 to 15 eV is also seen, with a dip

RESULTS AND DISCUSSION
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ELS Signal, N(E) (arbitrary units)

Integrated Difference of 3-7 eV region (arbitrary units)
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Energy Loss (eV) Electron exposure (10" electrons/cm?)
FIG. 2. (a) Solid line is electron-energy-loss spectriid(E) ] FIG. 3. Integral of the difference betwe®E) from the hy-

from clean GaN0001) and the dotted line is the first spectrum drogenated(deuteratefl surface following various electron expo-
following saturation hydrogen exposuf@otted ling. (b) Solid line  sures andN(E) from the clean surface vs electron exposure. Spec-
is the difference betweeN(E) from the hydrogenated surface and tral region from 3 to 7 eV was integrated to calculate each point.
N(E) from the clean surface. Dotted line is the difference betweeriThe data are fitted to an exponential of the foriix)=A
N(E) from the hydrogenated surface following 20 min of electron +Be~ %, wheres is the desorption cross secti¢en?) andx is the
exposure andN(E) from the clean surface. electron exposuréelectrons/crf.

reappearing between 13 and 15 eV. peaks at 3.5, 6.6, and 11.7 eV. A volume plasmon has been
In order to understand and quantify the changes inducegredicted at 18.5 eV from optical dat&in earlier work we
in the energy-loss spectrum by electron exposure, we presentade no definitive assignment of this peak since formation
N(E) spectra of the clean and hydrogenated (291). of surface Ga-H would not be expected to affect the volume
Figure 2a) shows theN(E) energy-loss spectra for clean plasmorf® The lack of response of the 18 eV peak to elec-
(solid line) and 200 L H exposeddotted lineg GaN(0001).  tron exposures which substantially reverse other hydrogen-
Figure Zb) (solid line is their difference, N(E) from the induced changes suggests that it is not associated with sur-
hydrogen-saturated surface minNgéE) from the clean sur- face Ga-H but with subsurface or bulk hydrogen.
face. From this difference we see that H adsorption produces Similar to the curves shown in Fig.(®, we construct
a decrease in the intensity at 3.5 and 6.6 eV and an increaskéfference curves by subtracting th{E) energy-loss spec-
in the intensity at 11.7 and 18.1 eV. The loss peak at 3.5 e\frum of the clean surface from ti&(E) spectra after various
has been assigned to the band-gap transition. Loss peaksedectron exposures of the hydrogen-saturated surface. To
6.6 and 11.7 eV have been correlated to photoemission peaksiantify the desorption process, we plot the integral of the
affected by hydrogen exposure lying 1 and 6 eV below thelifference from 3 to 7 eV versus the electron exposure as
valence-band maximum, respectivélySince HREELS of shown in Fig. 3. The points are fit to an exponential of the
H/GaN(0001) showed that only Ga-H species were producedype f(x)=A+Be™ 7%, whereos is the desorption cross sec-
by H exposuré’ the hydrogen-induced changes in EELS aretion (cn?) and x is electron exposuréelectrons/crf). The
attributed to formation of Ga-# cross section for the ESD of H determined by this fit is (2
Figure 2b) (dashed ling shows the difference di(E)  =1)Xx 10 ’cn?, while the ESD of deuterium shows a cross
from the hydrogenated surface following 20 min of electronsection of (7-3)x 10 ‘8cn?, a factor of 3 lower than for
exposure andN(E) from the clean surface. From this differ- H.
ence curve we see that electron exposure has substantially The 3—-7-eV region was chosen for a larger region of in-
reversed the changes at 3.5, 6.6, and 11.7 eV produced by tidgration, i.e., more signal, however the cross section for
exposure. We attribute the reversal of hydrogen-inducedesorption of H can be determined for individual spectral
changes in EELS following electron exposure to ESD offeatures. Cross sections for the 3—4, 6-7, and 11-12 eV
hydrogen. Since electron exposure reverses changes pmegions were found to be (81)x10 Yen?, (2+1)
duced by Ga-H formation, we suggest that electron-induce 10~ 17 cn?, and (1+0.5)x 10~ 1" cn?, respectively. Differ-
dissociation of the Ga-H bond is occurring. However, weent spectral regions produce cross sections within a factor of
cannot rule out the removal of surface Ga. The loss peak at2 of each other. Since our previous HREELS work showed
18 eV is much less affected by electron bombardment thathat there is only one surface adsorption site, we suggest that



4824 BELLITTO, THOMS, KOLESKE, WICKENDEN, AND HENRY PRB 60

TABLE |I. Comparison of desorption cross sections from semiconductors.

Adsorbate Substrate Beam enelgy) Cross sectioricn?) Reference
H/D GaN0001) 90 2x10 /7% 10718 This work
H/D Si(100) 7-12 4x10°2Y8x 10 % 18 and 26

H Si(100 8-30 3x 1020 27
H Si(100 25-200 (X107 19— (1.4x 10719 28
D Si(111) 16-500 <(1X1072H)—(1.3x10° %9 29

the differences in our determination of cross sections are dugerformed in this range of electron energies and current

to differences in the dependence of EELS features at 3.5, 6.6lensities:® For example, under the conditions used in these

and 11.7 eV on H coverage. experimentg90 eV, 50 uA/cm?), 34% of the surface H is
ESD of H from the GaN surface is a highly efficient pro- removed in the first minute of electron exposure. In essence,

cess. Describing the ESD rate in terms of a quantum effithe H is removed from Gaf@001) more quickly than many

ciency may better illustrate this. Assuming one Ga atom peelectron spectroscopies are usually performed.

unit cell and one H atom per surface Ga for the hydrogen-

saturated surface, one can deduce an efficiency for the ESD CONCLUSION

process of-30 (~100 electrons for each HD) atom des- We have used surface-sensitive electron spectroscopies to
orbed. A cross section for the ESD of absorbed H from Ga— P P

group-V semiconductor surfaces has not been reported in tha.amine and quantify electron beam effects on the hydrogen-

literature, although ESD of hydrogen from Gd280) has atom exposed Ga(IQOOJ)_ surface. Atomic hydrogen expo-
been observetf Table | compares the cross section deter->U® produces changes in the energy-loss spectrum, decreases

. : . intensity at 3.5 and 6.6 eV and increases in intensity at
mined here to previously reported cross sections for ESD 0{1.7 and 18 eV. Electron bombardment of the hydrogen-

hydrogen from Si surfaces. The cross section for the ESD o ; iall he ch
hydrogen from Gak0001) is two to four orders of magni- saturated surface substantially reverses the changes at 3.5,

tude greater than reported on Si surfaces. On GaN, the cro S6’ and 11.7 eV, restoring an energy-loss spectrum similar

section for ESD of D is approximately three times smaller 0 that of the clegn surface. We conclude that elegtron-
than for H, while on Si100) the ESD of D is~50 times stimulated desorption of hydrogen from surface Ga-H is re-

slower than for H® Assuming the ESD of H from sponsible for these reversals. The increased intensity at 18

GaN0002) occurs through an electronically excited state, as[ery Is not reversed by electron bombardment. We conclude

in the MGR model, the presence of a large cross section and at Fh|s f_eatu_re is due toa volume plasmon and that hydro-
small isotope effect would indicate slow quenching of theden is being introduced into the subsurface or bulk. A very

H — 17
excited electronic state. In general, long-lived surface eIecI—arge cross section for ESD of H of (21)x10 e’ was

tronic excitations would result in enhanced efficiencies forfoun9l\év'th a reduction of-3 for the ESD of D to (.E3)
X 10 8cm?. These results suggest the participation of a

electron- or photon-stimulated processes. Gidlisal. have lived surf lectroni itation leading to d i
reported that the LE4 process can etch both GaAs and GaKfng' lved surtace electronic excitation feading to desorption.

in pure hydrogen and infer the “existence of a low-energy
electron-enhanced reaction channel not available to Ga and
H in ordinary thermal reactions.” A longer-lived excited The authors wish to acknowledge Y. Yang for his assis-
state associated with a surface Ga-H species as suggestedthyice with these experiments and V. M. Bermudez, H. Nien-
the present work may provide this reaction channel. haus, and S. T. Manson for helpful discussions. The work

This extremely fast ESD of H has consequences for elecperformed at the Naval Research Laboratory was supported
tron spectroscopies, such as LEED and EELS, which arey the Office of Naval Research.

ACKNOWLEDGMENTS

* Author to whom correspondence should be addressed. 9J. J. Boland, Surf. Sc261, 17 (1992.

IR. F. Davis, Proc. IEEH9, 702(1991). 103, W. Lyding, T.-C. Shen, J. S. Hubacek, J. R. Tucker, and G. C.

2s. strite and H. Morkoc, J. Vac. Sci. Technol1B, 1237(1992. Abeln, Appl. Phys. Lett64, 2010(1994.

3S. N. Mohammad, A. Salvador, and H. Morkoc, Proc. |EEE 1IN, Kramer, H. Birk, J. Jorritsma, and C. Satemberger, Appl.
1306(1995. Phys. Lett.66, 1325(1995.

“4R. Shul, S. P. Kilcoyne, M. Hagerott Crawford, J. E. Palmer, C.**T. Mitsui, E. Hill, and E. Ganz, J. Appl. Phy85, 522(1999.
B. Vortuli, C. R. Abernathy, and S. J. Pearton, Appl. Phys. Lett. 13T, E. Madey and J. T. Yates, Jr., J. Vac. Sci. Tech8pl525

66, 1761(1995. (1971, and references therein.
SA. T. Ping and I. Adesida, Appl. Phys. Le&7, 1250(1995. 1R. D. Ramsier and J. T. Yates Jr., Surf. Sci. RE}).243(1991),
6S. J. Pearton, Mater. Sci. Eng., 8, 1 (1997, and references and references therein.

therein. 15D, Menzel and R. Gomer, J. Chem. Phy4, 3311(1964.
"H. P. Gillis, D. A. Choutov, K. P. Martin, S. J. Pearton, and C. R. 6A. Redhead, Can. J. Phy42, 886 (1964).

Abernathy, J. Electrochem. Sob43 L251 (1996. 7M. L. Knotek and P. J. Feibelman, Phys. Rev. Let@, 964

8R. S. Becker, G. S. Higashi, Y. J. Chabal, and A. J. Becker, Phys. (1978.
Rev. Lett.65, 1917(1990. 18T -C. Shen, C. Wang, G. C. Abeln, J. R. Tucker, J. W. Lyding,



PRB 60 EFFICIENT ELECTRON-STIMULATED DESORPTION B. .. 4825

Ph. Avouris, and R. E. Walkup, Scien268, 1590(1995. 24/, M. Bermudez, R. Kaplan, M. A. Khan, and J. N. Kuznia, Phys.
1%y, M. Bermudez, D. D. Koleske, and A. E. Wickenden, Appl.  Rev. B48, 2436(1993.

Surf. Sci.126, 69 (1998. 25C. F. Corallo, D. A. Asbury, M. A. Pipkin, T. J. Anderson, and G.
20v. J. Bellitto, B. D. Thoms, D. D. Koleske, A. E. Wickenden, and  B. Hoflund, Thin Solid Films139, 299 (1986.

R. L. Henry, Surf. Sci430, 80 (1999. 26ph. Avouris, R. E. Walkup, A. R. Rossi, H. C. Akpati, P. Nord-
2ly. J. Bellitto, B. D. Thoms, D. D. Koleske, A. E. Wickenden, and lander, T.-C. Shen, G. C. Abeln, and J. W. Lyding, Surf. Sci.

R. L. Henry, preceding paper, Phys. Rev68 4816(1999. 363 368(1996.

?2A. E. Wickenden, D. K. Gaskill, D. D. Koleske, K. Doverspike, 27p p, Adams, T. M. Mayer, and B. S. Swartzentruber, J. Vac. Sci.
S. D. Simons, and P. H. Chi, iGallium Nitride and Related Technol. B14, 1642(1996.
Materials edited by F. A. Ponce, R. D. Dupuis, S. Nakamura, 28T Fuse, T. Fujino, J.-T. Ryu, M. Katayama, and K. Oura, Surf.
and J. A. Edmond, MRS Symposia Proceedings No. (B&&e- Sci. 420, 81 (1996

rials Research Society, Pittsburgh, 18996 679. 29 .
23y M. Bermudez, J. Appl. Phys80, 1190(1996. N. Matsunami, Y. Hasebe, and N. Itoh, Surf. S92, 27 (1987).



