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Temperature-dependent two-dimensional plasmons at clean and hydrogenated ®81) surfaces
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High-resolution electron-energy-loss spectroscopy has been used to investigate the behavior of the quasi-
elastic peak in low-energy electron scattering from clean and hydrogen-cove(@dlGsurfaces. A marked
dependence of the quasielastic peak shape on both temperature and incident electron energy was found, and
these peak shapes were successfully reproduced using dielectric theory simulations. The simulations provide
strong evidence for the existence of a thin metallic surface layer supporting two-dimensional plasmons. The
variation of peak shape with temperature arises from both changes in the Bose-Einstein spectrum of plasmon
excitations and variation in the sheet electron density with temperature. The temperature dependence of the
sheet electron density differs for the clean and hydrogen-covered surfaces.

I. INTRODUCTION peak shape for HREELS on ($11) has been analyzed in
terms of multiple 2D plasmon excitations in a very narrow,

High-resolution electron-energy-loss spectroscopypartially filled surface band* Surface states can be investi-
(HREELS is now a well-established technique for probing gated more directly by photoelectron spectroscdtiyS and
the electronic properties of semiconductor surfdcést is inverse photoemission. Several studies have been performed
also ideal for examining the interaction of atomic hydrogenon G&001) surfaces® *®showing the presence of a surface
with Si and Ge surfaces by measurement of the vibrationastate at the Fermi level, localized at the center of the surface
losses associated with adsorbed hydrd§éhThis system Brillouin zone. A number of interpretations have been of-
has significant technological impact, in particular because ofered regarding the nature and origin of this surface state,
the importance of epitaxial growth of Si,Ge, using gas- and its apparent temperature sensitivity. The model of Kevan
eous precursors such as disilane and germidh¥ In the  and Stoffet® involves a defect dangling-bond state, related to
majority of HREELS studies of near-surface electronic exci-disorder in the dimers forming the §¢21) reconstruction,
tations in semiconductors, the excitations of primary interestvhich can be quenched on cooling via aX2)-c(4X2)
involve three-dimensiondBD) surface plasmons due to os- transition. Alternative interpretations include thermal excita-
cillations of free charge in the valence or conduction bandstion to a normally empty dangling-bond band just above the
However, it is also possible to observe two-dimensi¢@B)  Fermi level®!® and thermal population of* antibonding
plasmon excitations of electrons in the conduction band of aurface states derived from bulk states near the Brillouin-
l1I-V semiconductor material. Systems studied by HREELSzone centet’ It appears that the precise surface
include near-surfacé-doped layers in GaA&Ref. 7) and the  reconstructiort>*®bulk doping levelt>!surface preparation
inversion layer at the surface pftype INnA9001)."% The re-  method!® degree of surface contaminatihand surface hy-
duced dimensionality of the plasmon excitation is a consedrogen conteRt'® all influence the characteristics of the sur-
guence of the plasma-active region being much thinner thaface states at the Fermi level. However, the clea0GB
the plasmon wavelength. This alters the plasmon dispersiosurface clearly shows metallic character at room temperature,
relation so that the plasmon energy increases as the squdrecontrast to the semiconducting surface of08L). This
root of the wave vector, rather than having a nonzero energleads to a composition-dependent metal-semiconductor tran-
at zero wave vector as for a 3D excitatihln the long-  sition which has been observed in recent HREELS studies of
wavelength regime of specular HREELS, this 2D dispersiorsi; _,Ge, alloy surfaceg.
relation gives rise to multiple excitations of very low energy In this paper we report on HREELS measurements of 2D
which broaden the elastic pedk.’3 plasmon excitations propagating at clean and hydrogen-

In the cases of InAs and GaAs mentioned above, the ossovered G&O01) surfaces. The emphasis is on the shape and
cillating electrons lie in the bulk conduction band, which is width of the quasielastic peak, essentially in the energy-loss
distorted over a short length scale by surface donors orange+60 meV. The observed quasielastic peak broadening
é6-doping, respectively. However, on Ge and Si surfaces itlepends on the surface termination, temperature, and inci-
has been possible to observe the effects of charge trapped dent electron energy, and has been modeled in terms of a
a true surface band rather than distorted bulk bantihe  thin plasma-active layer on top of an inert bulk. From the
reduced dimensionality of the plasmon excitations in suchmodel parameters it is possible to derive the temperature
cases arises from the strong localization of the surface-stattependence of the sheet electron density in the plasma active
electron density within a few atomic layers of the surfacelayer. This is found to decrease with temperat(re the
plane. For example, the temperature-dependent quasielastivailable rangefor the monohydride surface, but saturates at

0163-1829/2000/62.1)/73306)/$15.00 PRB 62 7330 ©2000 The American Physical Society



PRB 62 TEMPERATURE-DEPENDENT TWO-DIMENSIONA. .. 7331

high temperatures for the clean surface, only dropping away [ T T T T T

at the lowest temperatures. The different temperature deper (@) clean Ge(001)
dence of the surface electron densities in the two cases suc¢ T=200K
gests a more complex surface-state behavior than previousl
thought.

Il. EXPERIMENTAL DETAILS

Experiments were carried out in an ultrahigh vacuum
chamber (base pressure 3310 *®mbar) equipped with
HREELS and low-energy electron diffractighEED). The
HREEL spectrometer is based on a design by IBdaom-
prising a double-pass cylindrical monochromator and ana-
lyzer assembly, with the former rotatable. The spectrometetr
resolution was better than 3 meV when tuned “straight J ‘ ‘ L b
through” Wit_h no sample, with an electron energy range of _4q .20 0 20 40 60
1-15 eV. Higher electron energies up to 60 eV were also
employed in some cases, although with a somewhat de
graded resolution. The specular scattering geometry was
fixed for all experiments with an incident and scattered polar
angle of 45°. (b) monohydride Ge(001)

The Ge&001) samples were very lightly doped with anti- T=290K
mony (~1x10*cm™3) and were introduced to the chamber
with no chemical pretreatment. The substrate temperature
could be measured by means of a thermocouple in close
proximity to the sample, calibrated by an optical pyrometer.
Experiments at various sample temperatures were performe
by cooling the sample with a remote liquid-nitrogen reser-
voir and by radiative heating from a tungsten filaméem-
perature range 200-450)KSubstrate preparation began
with thorough outgassing at 600 K, followed by argon-ion
bombardmen{600 eV, 2uA) and annealing to 800 K. A
final rapid anneal to 900 K resulted in a clean and well-
ordered two-domain (% 1)-reconstructed surface. Hydro- :
gen dosing was achieved by introducing molecular hydrogen-40 -20 0 20 40 60
to the chamber while heating a tungsten cracking filament Energy Loss (meV)
positioned ~5 cm from the sample. Molecular hydrogen
doses were recorded and the overall cracking efficiency of FIG. 1. HREEL spectra obtained from ®@1) at room tem-
the filament was unknown, although the latter should be conperature and different electron energies (ar the clean surface,
stant throughout the experiments. Experiments were carrie@nd (b) the monohydride surface. For each electron energy, every
out primarily on clean and monohydride surfaces, the |attefifth experimental point is shown along with solid curves generated
showing a sharp (1) two-domain LEED pattern. Pure by dielectric simulations. The curves are vertically offset for clarity.
monohydride surfaces were prepared by exposure of the
clean surface to 500 L Hat a substrate temperature of 500 tric theory simulations which will be discussed later. Very
K, and were characterized by Ge-H bending and stretchingimilar quasielastic peak shapes are observed for the mono-
modes at 68.8 and 246.7 meV, respectiveljhe Ge-H  hydride G&001) surfaces, and three typical spectra are

scissor mode at 102.9 meV was not present on the purghown in Fig. 1b). Again, the FHWM increases for decreas-
monohydride surface. ing electron energy, although the values are lower than for

corresponding clean surface spectra.
A complete set of FWHM valuesAE) for clean G€001)
lil. RESULTS AND DISCUSSION at room temperature and different electron energies is shown

Figure ¥a) shows a series of three HREEL spectra re-in Fig. 2. The plot shows the strong reduction of FWHM
corded at electron energies of 1, 4, and 10 eV from clea®Vith increasing electron energy, and is fitted by a function of
Ge(001) at room temperature. The quasielastic peak is mucihe following form(solid line):
broader than the instrumental wid¢k-4 meV) in all cases.
There is a pronounced asymmetry between the energy loss

T T T T T T T T T T T T T T

A
and gain sides, and the full width at half maximUgwWHM) AE=AEy+ —, (N
increases dramatically with decreasing electron energy. The VEi

tail of the quasielastic peak shows considerable intensity out
to energy losses greater than 60 meV, particularly at lowewhereAE, is the instrumental broadening of 4 meX/js the
electron energies. The solid curves are generated by dielesele fitting parameter, anH; is the electron incidence en-
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FIG. 2. The energy dependence of the quasielastic peak FWHM  F|G. 3. The temperature dependence of the quasielastic peak

at room temperature for clean ®@1). The experimental data FwHM for monohydride GE@01)-H at room temperature and for

are shown as solid circles, while the solid line is a fit according tothree different electron energi¢g, 5, and 10 ey, The activation

Eq. (2). energy derived is 35 meV. For clean @81), a value of 24 meV is

o o obtained.
ergy. Very similar energy-dependent behavior is observed

for the monohydride surface and for both surfaces at Othetrion of multiple losses and gaiRd This proves to be a cru-
temperatures.

The observed energy dependence arises from changescl:ial correction to the single-loss approach of E8), and

the momentum transfer from the electron to surface excita‘—iﬂov\'S investigation of the effects of temperature in a robust

tions in specular dipole scatterifigt can be explained by way. However, 2D plasmons, as described by €j.remain

: o the source of the broadening.
assuming the presence of low-energy 2D excitations whose The temperature dependence of the FWHM for the mono-

wave vector Is dgtermmed by the momentu_m transfer. In th'?}ydride surface is shown in Fig. 3 for three different electron
model the quasielastic peak broadening arises from 2D plas:

mons propagating in a thin surface layer. The expected orenergies. The plot clearly shows that the peak widths follow

erav 10ssh o due to 2D plasmons can be derived®s an exponential dependence, with a very similar activation
ay 2D P energy for all three energies. For the monohydride surface,

Ny #e?siné, \/ﬁe this energy is 3% 3 meV, while the clean surface shows
E

ﬁsz_WW (2  similar behavior and yields an activation energy of 24

i +3 meV. These results, together with Eg), suggestthat
the sheet electron density arises from a thermally activated
process. Such a process could be the thermal promotion of

the surface Iayer ana; is the incident polar angle of the bulk electrons into a band of 2D localized surface states ly-
electrons relative to the surface normal. Assuming that On|¥ng just above the Fermi levéi178However. this interpre-

smgle-p!asmon.los's.es are observed, and that the plasma frtea'tion of the HREELS results again neglects the possible
guency is not significantly larger thakE,, then the follow-

ing approximation can be made: contribution of multiple p.Iasmon excitations. The .
' temperature-dependent behavior was also modeled using di-
AE~fiwyp+ AE,. 3) electric theory and three spectra fro_m the clean su_rface at
fixed electron energy are shown in Fig. 4, both experimental
The quasielastic peak broadening should then behave in data and dielectric theory fits. There is a marked increase of
manner described by E€L), as observed in the experiments. the FWHM with increasing temperature as observed for the
This simple treatment neglects possible effects due to themonohydride surface.
changes of effective probing depth in specular HREELS, We now discuss the dielectric model used to fit the spec-
which is approximately the inverse of the plasmon wavetra shown in Figs. 1 and éas well as many other spectra not
vector! However, for a 2D excitation confined sufficiently shown. The theory is based on a layered model of the sub-
close to the surface, such effects should be minimal. Poterstrate and allows complete HREEL spectra to be genefated.
tially more serious is the multiple excitation of low-energy The input to the general model comprises only the dielectric
plasmons as well as quasielastic peak broadening on the efunctions of each layer. For the present system, this com-
ergy gain side due to thermally activated plasmonprises plasmon excitations and the background dielectric
excitations™** In particular, the validity of Eq(3) is suspect constant only. The plasmon dielectric contribution requires
for thermal energies-25 meV andAE,~4 meV. Although only a plasma frequency and a plasmon damping rate; plas-
the effects on elastic peak broadening of multiple plasmomon spatial dispersion is neglected in the low wave-vector
excitations can be treated analyticdllin the present paper regime explored herg?? To check the effects of band bend-
we use dielectric theory simulatioR8In these calculations, ing and bulk charge, we first attempted to fit the data using
single-loss spectra are convoluted with a bosonlike distribueonventional models for a semiconducting medium affected

In the above equation, is the sheet electron density in
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' I T L TABLE I. The best-fit plasma frequenciésm meV) for clean
clean Ge(001) and monohydride Ge(004(2x 1) as a function of temperature.
E = 9eV The layer thickness was &9.5 A and the plasma damping was
i fixed at 20 meV.

T (K) Clean G¢001) H-Ge(001)
200 75 58
230 91 67
260 104 75
290 100 73
365 102 81
440 100 103

- method to GE01) yields a value ofn* ~15. Because of the
-40 -20 0 20 40 60 uncertainty of these values, the sheet electron density can
Energy Loss (meV) only be considered an approximation based on the plasma
frequency. It should also be pointed out that care must be
FIG. 4. Three HREEL spectra obtained at an electron energy ofaken in deriving the plasma frequency itself, which is only
9 eV from clean GE@01) as a function of surface temperature. Solid one of three model parameters. Unlike space-charge layer
lines are generated by dielectric theory simulations. models, bulk band-structure calculations are of no help in
guiding parameter choice.?2-24

by upward or downward band bending. However, the very In general, it is crucial to model several spectra at differ-
low doping level of the present sample produces a negligibl€nt electron energies using the same parametemaitt the
bulk plasma frequency0.2 meV) and inefficient screening, POSSible exception of the plasma-damping ) in order
leading to very wide space-charge regiofisl um). It to produce reliable and unique fits in HREELS. We were
proved impossible to fit the spectra with such a model. weable to fit the various sets of experimental spectra across the
therefore turned to an alternative two-layer system, for whichvhole electron-energy rangé—15 eV} with single param-
there are only three parameters: the thickndssf the eter sets, and examples are shown in Fig. 1. The value of the
plasma-active layer, the plasma frequeney, and the layer thicknessl has a significant effect on the spectrad i
plasma damping’. The semi-infinite bulk region is assumed 00 large, distinct inten;ity can b_e discerned in the 3D plas-
to have no frequency-dependent contribution to its dielectricg?on mode(loss energy is proportional to plasma frequency
function. The model is shown schematically in Fig. 5, and ' NiS iS particularly important when the plasma dampihty
best-fit plasma frequencies are summarized in Table |. ~ S€t 100 low. There is no evidence for such modes in the
The free electrons that give rise to plasma oscillations iffXPerimental spectra and so this sets an upper limd.dn
the active surface layer occupy a discrete band of surfaciiCt: when refining the fitsg mainly affects the intensity at
states localized within a few atomic layers of the surfacefigher loss energie6>25 meV). Values ofd in the range
The plasma frequency relates to the 3D electron density i§-0~7-5 A were found to produce the best fits, and it was
the usual way and, with the layer thickness fixed, the shedienerally possible to fidat6.5A.
electron density can then be calculated. There are two prob- 1N€re is a more complex relationship between the curve
lems with this method. Firstly, the uniform surface layer rep-Shapes and the values @f andI'. For 3D plasmon modes it
resents what is presumably an electron density decayint§ POssible to fit the two parameters separately, with the
smoothly into the bulk, and its precise thickn¢8s A in the ~ former defining the loss energy and the latter the Wldth and
mode) is of limited physical meaning. Secondly, the effec- intensity of the peaR.Howgver,_for 2D modes which fall
tive massm* for electrons in the 2D surface band is un- Within the broadened quasielastic peak, it is possible to com-
known. An estimate of the effective mass associated witfPensate for reduction of the plasma frequency by also reduc-
conduction within a lattice of localized surface orbitals wasi"9 the damping. For example, it is possible to obtain a rather
given by Persson and DemutAppendix E of Ref. 4 for similar simulated spectrum if the plasma frequency is halved

Si(001), resulting in a value ofm* ~60. Applying their by also sharply reducing the damping. The reason for this is
simply that multiple excitations of low-energy plasmons

dominate the quasielastic peak broadening, and intéose
damped plasmons of lower energy give equivalent broaden-
Wp I'=20 meV d~654A ing to less intenséhigher-dampedplasmons of higher en-
ergy. This clearly leads to potential difficulties in obtaining a

unique parameter set, although certain limits can be set on
w,=0 l oo the variation allowed.

We have set the plasma damping at a constant value of 20
FIG. 5. A summary of the two-layer dielectric model used to fit meV or (5 p9~*. The plasmon damping rate depends on
the HREEL spectra. The main variable parametes js the active ~ several mechanisms: Landau damping, structural damping,

layer plasma frequency. The semi-infinite bulk contains no plasmand electron scattering by phonons and defétt$Landau
dielectric term. damping is suppressed at the long wavelengths here, and
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26 T T T T T T pare well with previous HREELS and PES studies, providing
i . ] strong support for thermal excitation of electrons into a sur-
24 - % v . ] face band®!® and for a reduction of the surface electron
[ ] density with monohydride formatioht®
‘E 22 : B The saturation of surface-band electron density at high
Soob temperatures has not been reported previously. The satura-
© N tion electron density corresponds to 9% of the surface atoms,
ZQ 18 [ ] meaning that the surface states are not associated with regu-
s i ] lar surface dimers. However, this may be an underestimate,
£ 45 - - particularly if the plasmon damping term in the simulations
| —e— clean is too small. Improved estimates of this paramégesrwell as
1.4 | —®— monohydride b the effective mass for the 2D surface banauld be helpful,
i allowing a much better understanding of the detailed nature
1.2 e e e e of the band. An approximate calculatfoof the width of the
2 25 3 35 4 4.5 5 55 surface band based on the effective mass and electron den-
1000/ T sity yields a value of 20 meV, indicating the localized char-

FIG. 6. The sheet electron density obtained from dielectric2Cter Of the states contributing fo it. Our present results do
theory simulations of clean and monohydride() as a function ~ NOt allow us to expand on the suggestion that differences in
of temperature. Fermi-level pinning by defect states give rise to a different

thermal population of the dangling-bond bardt is pos-
structural damping should be relatively unimportant for theSiPI€ that hydrogen exposure alters the position of the surface
very thin surface laye# and so the damping value is ex- Fermi Ie_vel relatlvg to _the valen_ce band and hence gives rise
pected to be independent of incident electron energy. Howto the different actlvat_|on energies for thermal population of
ever, because of the interdependence of simulated spectra §if Surface band derived here. Finally we note that the de-
w, andT, it is not possible to use the temperature-dependeriic’iPtion of the GE01) surface as “metallic™™ is not
measurements to gauge the relative importance of phonoﬂ”cny correct since thermal activation is necessary to pro-
and surface defect scattering on the momentum scatterir@:_()t_e electrons into the normally empty surface band whose
rates of electrons participating in the plasmonminimum lies above the Fermi level.
oscillations?>~24|f the plasma damping value of 20 meV is
an underestimate, then we obtain higher plasma frequencies IV. CONCLUSIONS

from thg fitting process, and WOl_JI_d hence expect signifi- \ye have used HREELS to study the low-energy 2D plas-
cantly higher _sheet.electron densities than shown ke |\ on excitations propagating at ®01) surfaces, both clean
electron density varies as the square of plasma frequency anq hydrogen terminated. The behavior of the sheet electron
_ Bearing in mind the above caveats, the sheet electron deqyggity as a function of temperature has been extracted from
sity has been derived from best-fit plasma frequencies Ofjg|ectric modeling and is found to be thermally activated at
both clean and monohydride surfaces as a function of temg,yer temperatures, saturating at higher temperatures for the
perature. The results are shown in Fig. 6, and although thgjean syrface. The maximum sheet electron density has been

absolute error in the electron density is high, its variationsy ,nd to be 1.k 104cm 2. but may be higher if either the
with temperature should be accurate in the absence ’

occurs at the highest temperatures and is<IL&cm 2 equced on the monohydride surface compared with the

For the clean surface, this value is maintained as the t€nyjgan surface, except at the highest temperatures, but the sur-
perature is lowered, and only at the lowest temperatures doggce retains its metallic character. Activation energies to the

the electron density decrease. By contrast, for the monOhysIurface band are found to be 522 meV and 3% 5 meV

dride surface, the electron density falls steadily with decreasg,, ihe clean and monohydride surface, respectively. These
ing temperature. This behavior indicates that at the lowepe gies are very different from those obtained by direct fit-

temperatures accessible in our system, for the clean surfaclt?ng of the quasielastic peak width, due to the neglect of
and at all available temperatures, for the monohydride sur '

) S ) Changes in the Bose-Einstein spectrum of plasmon excita-
face, there is therm_al actlvapon_of electro_ns into the 2D sUr4ionsin this simpler procedure.

face band. From Fig. 6 activation energies oft322 meV
(clean, low temperatuyeand 31-5 meV (monohydride are
obtained. It should be noted that the former value is based on
only three experimental points, and also that these results are This work was supported by the EPSRC, UK, including
independent of the changing Bose-Einstein spectrum of 2@he provision of financial support for T.D.V. J.E. would like
plasmon losses with temperature. This factor is accounted fao thank the German Academic Exchange Servi2AAD)

by the dielectric theory simulations and it is why the activa-for sponsorship of his Ph.D. G.R.B. is grateful to the Ramsay
tion energies differ from those obtained by a direct fitting of Memorial Trust for financial support, funded in part by VG
the quasielastic peak width. Qualitatively, these results comSemicon Ltd.(UK).
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