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Temperature-dependent angle-resolved photoemission study of the
linewidth of surface states of III-V semiconductors
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The electron-phonon interaction involving semiconductor surface states is studied on the basis of
the temperature dependence of their photoemission linewidths. Measurements of the anion-derived
dangling-bond and bridge-bond surface states at critical points for InSb, GaSb, InAs, and GaAs
(110) cleaved surfaces were made between 90 and 500 K using high-resolution angle-resolved photo-
emission spectroscopy. The values of the linewidth determined for T=O K lie between 246+20 and
416+10 meV and are much larger than those found for metal surfaces. In addition to the intrinsic
lifetime, there appears to be a contribution to the surface-state linewidth from surface defects such
as steps, that are always present to some degree on cleaved surfaces. The localized nature of semi-
conductor surface states makes them strongly sensitive to such defects. The temperature
coefficients lie between 0.18+0.05 and 0.38+0.04 meV/K for the dangling-bond surface states and
between 0.07+0.05 and 0.13+0.04 meV/K for the bridge-bond surface states. We also consider the
possible effect of plasmon interactions by studying highly doped (p —10' cm ') GaAs samples.

I. INTRODUCTION

The study of the linewidths of optical and electronic
transitions in metals and semiconductors is of major in-
terest from the fundamental point of view. The linewidth
is related to the imaginary part of the self-energy which is
determined by the different many-body processes that
contribute to phase relaxation within the excited system,
including hole recombination and electron-phonon,
electron-electron, and electron-defect interactions.
Angle-resolved photoemission spectroscopy (ARPES) is a
very useful technique for such studies because it allows
the analysis of the band structure at specific points of k
space. In this case the measured linewidth is a convolu-
tion of the inverse lifetime of the initial (valence-band)
and final (conduction-band) state, the instrumental reso-
lution, and broadening due to interactions of the escaping
photoelectron (elastic, such as relaxation of the conserva-
tion of the surface-parallel component of the wave vector
due to a nonideal surface, or inelastic, such as scattering
by plasmons and phonons). '

At present, however, only a few works have been de-
voted to the study of the ARPES linewidth in metals and
semiconductors and very few of them to its temperature
dependence. Room-temperature measurements of bulk
critical points in GaAs show values for the initial-state
inverse lifetime of approximately 1 eV. Temperature-
dependent analysis of Au (Ref. 3) and of PbS and PbSe
(Ref. 4) show a linear dependence of the observed
linewidth with temperature. In Ref. 4 the linear tempera-
ture coefficient was found to be proportional to the elec-
tronic density of initial states for the transitions. This
proportionality can be derived from the renormalization
of the energy bands due to the electron-phonon interac-
tion. Most of these measurements were performed at
critical points where it is believed that the measured

linewidth is directly associated to the inverse lifetime. A
theoretical as well as experimental study of the line shape
at critical points assuming a realistic model for the final
state (beyond the free-electron approximation), demon-
strates asymmetric line shapes due to the non-negligible
inhuence of the electron inelastic scattering on the final-
state width. Measurements of surface states have also
been performed for metals at room temperature.
These high-resolution measurements show linewidths of
less than 100 me V. To our knowledge only one
temperature-dependent study was performed for surface
states of metals [Cu (Ref. 9)] and also only one for semi-
conductor surfaces [InSb (Ref. 1)]. Both works compare
the experimental results to the theoretical predictions of
Ref. 5. For the (110) surface of InSb it was found that
the low-temperature width of surface states was consider-
ably broader than that of metals. It was concluded that
differences in intrinsic structure were insufficient to pro-
duce this difference, and that the most probable cause of
the extra broadening is surface defects.

In the present work we extend these studies to the tem-
perature dependence of the line widths of the anion-
derived dangling bond and bridge bond for selected III-V
compound semiconductors at the X, X ', and M points.
We call the bridge bond the p-like anion-derived surface
state located in the second layer, as mentioned in Ref. 10.
Because of the Aatness of the bands at these points" the
linewidth is a direct measure of the initial state. ' Strong
similarities are found among the materials under study.
We find that the width at low temperature is dominated
by broadening due to defects at the surface. The previ-
ously mentioned theoretical model is found to be
moderately successful in describing temperature
coefficient differences among the various features: it as-
signs them to differences in electronic density of states.
We also consider the effects of doping on ARPES line
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shapes for the case of GaAs and observe possible eftects
of scattering of the photoe1ectron by plasmons.

Section II is concerned with the data interpretation,
Sec. III gives a short view of the experimental details and
Sec. IV is devoted to the data analysis. Finally, a sum-
mary is given in Sec. V.

II. DATA INTERPRETATION

1",( T) =(1+q )I,-( T)+q1 /( T) . (2)

For surface states q is proportional to 8 e;/Bk„(Ref. 1)
so that in this case q=0 and thus I,(T)=I,(T). With
the above-mentioned conditions, Eq. (1) reduces to

I,„,(T)=I „+I,(T) . (3)

The electron-phonon model of Ref. 5 allows us to write
I;(T) as

2X;(0)
r,.(T)=r, (0)+ (4)

In this section we present the most important expres-
sions for the analysis of the experimental data related to
surface states in the frame of the register line formalism
and the electron-phonon interaction renormalization. A
detailed analysis is found in Ref. 1.

We consider the measured linewidth l,„„,(T) as a con-
volution of four terms: the combined energy resolution of
analyzer and light source I „, the finite angular resolution
of the analyzer I , and a term I „which contributes to
the width if the conservation of the parallel wave-vector
component k„ is relaxed due to surface disorder. Finally,
the physically most interesting contribution is I', (T),
which is a combination of the initial- and final-state in-
verse lifetime widths, 1,(T) and I &(T), respectively.
I;(T) contains the contribution due to the electron-
phonon interaction and I &( T) gives the effect of the vari-
ation of the electron inelastic mean free path with tem-
perature. For the contributions of the various corn-
ponents to the measured linewidth I,„„,(T) we assume a
quadratic addition of the individual linewidth corn-
ponents:

I,„„,(T)=l „+Ia+I 2+I, (T) . (1)

This approximation works well as was confirmed numeri-
cally by calculating the convolution directly, although I;
and I & are known to be approximately Lorentzians.

Surface states have no dispersion in the initial energy
c,- in the perpendicular component of the wave vector k,
so that U;, =Bc,,- /Bk, =0. Furthermore, the bands that
correspond to the anion dangling bond and bridge bond
have no dispersion in the k direction in the vicinity of
the critical X, X ', and M points, as was predicted in Ref.
11 and confirmed experimentally in the present work. In
this case v; =0 and c) c,-/c)k =0. According to Ref. 1,
I z is proportional to u,- for surface states, so that I &-—0.
Furthermore, I =0 since I is defined as the product
~U;„Ak„~, where hk accounts for the uncertainty in the
wave vector k due to symmetry breaking.

It can be shown that at critical points the term I, is
given by'

X, (0) represents the contribution to the linewidth due
to the zero-point phonons and I;(0) accounts for the
Iinewidth at T=Q K. This last term contains X,(0) as
well as the intrinsic inverse lifetime of the created hole
I";"'(0)and the contribution I d which arises from the in-
teraction with defects. 0, is a heuristic effective average
Debye temperature which takes into account the relative
contribution of acoustic and optical phonons. Equation
(4) follows closely a linear behavior for T)0; /e. In this
case

r, (T)=r, (0)+y, T, (5)

where y;=2X,.(0)/O, . According to Ref. 12 X, (0) can
be expressed as

6mb D '
M,„+M„, ' kO,

(6)

In this expression M,„and M„t represent the anion
and cation mass, respectively, and k is the Boltzmann
constant. N, is the density of states at the point where
the transition starts and D is an average electron-phonon

0
deformation potential (in eV/A units). The factor 6 ac-
counts for the number of phonon branches. Equation (6)
has been derived for bulk states but it can be extended to
surface states. In the systems that we have studied,
I 2„,))I „, so that I,„„,(T)=I,.(T) according to Eq. (3).
We thus conclude that

6Mk
M +an cat

D
kO, .

III. EXPERIMENTAL DETAILS

The temperature-dependent measurements were per-
formed in a Vacuum Generators VG ADES 400 spec-
trometer with an energy resolution of 70 meV and an an-
gular resolution of +1 . The base pressure in the mea-
surement chamber was 1X10 ' Torr and only 21.22 eV
(Her) radiation was used. Before cleavage the samples
were heated in UHV at 500 K until the initial base pres-
sure was restored, in order to avoid any kind of contam-
ination during the measurements. The maximum tem-
perature was chosen to be 500 K so as to avoid evapora-
tion of the anions [Sb evaporates in the InSb (110) surface
at approximately 520 K]. Figure 1 shows the atomic
geometry of the (110) surface of the zinc-blende structure
[Figs. 1(a) and 1(b)] and the corresponding surface Bril-
louin zone with the I, X, X and M critical points [Fig.
1(c)]. The X point is reached along the [110]and [112]
azimuthal directions and the X' along [001]. The M
point is reached along the [111] direction. At these
points the ARPES intensity ratio between surface and
bulk features has a maximum. With the values of k„[see
Fig. 1(c)] and the calculated binding energies from Ref.
11, we obtain the expected value of the emission angle,
and thus scan the experimental emission angle until a
maximum in the mentioned intensity ratio is found. The
semiconductors under study were n-type doped (n —10'
cm ) InSb, GaSb, InAs, and GaAs and highly p-type
doped [p =(2.2—3.3) X 10' cm ] GaAs. No charging
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problems in the temperature range of 90 to 500 K were
observed. The linewidths were determined through
least-squares fits with combined Gaussian-Lorentzian
functions.

FIG. 1. Relaxed atomic geometry of the (110) face of the III-
V zinc-blende semiconductors from (a) side view and (b) top
view. The bulk lattice constant is represented by a and the re-
laxation angle by 6. Also shown is the anion-cation chain in the
[110] direction. (c) Surface Brillouin zone of the (110) surface
with the corresponding critical points.

point of InSb, GaSb, InAs, and GaAs are shown. Figure
2(b) shows the two corresponding ARPES spectra of
InAs at the XDz point at the lowest and highest mea-
sured temperature. This structure, XDs (InAs), shows
the strongest variation of the linewidth with temperature.
Figure 2(c) shows the experimental values of this
linewidth as a function of temperature. Also shown is
this fit of the experimental points with Eq. (4). Because
of the lack of points below 90 K, the fit is insensitive to
the parameter 0, . In order to calculate I"o, the linewidth
at zero temperature, fits using mean temperatures 0; be-
tween 50 and 300 K were tested. Ellipsometric measure-
ments on III-V compounds' show that 8—300 K for
bulk optical transitions. Since the mean-squared phonon
amplitude of the surface atoms at room temperature is
expected to be two to three times larger than the corre-
sponding one of the bulk, ' smaller values of 0, for the
surface atoms are in principle expected. ' '' We thus
tested 0, in the mentioned temperature range. This
range of variation induces differences in the value of I o of
less than +6 meV, so we can estimate it reasonably well
without precise knowledge of 8, . Figure 3(a) shows the
ARPES spectra at the X 0~ point for InSb, GaSb, and
InAs and Fig. 3(b) the variation of the linewidth of
XDs(lnSb) with temperature. The anion bridge bond at
X has also been measured Isee Fig. 4(a)]. The tempera-
ture dependence of XBs(lnAs) is shown in Fig. 4(b). The
Xss(GaSb), however, can only be observed approximately
since at the exact X~~ point the surface feature overlaps
with those of the bulk. The values of the fits for I o and

pf together with the corresponding binding energies c.,
and emission angles 0 are shown in Table I. In this table
values at the M point for GaSb and InAs are also includ-
ed. From the figures, it is obvious that the XD~ point is
the best one for a detailed analysis, since the energy sepa-
ration from the bulk features is large and the surface-to-
volume intensity ratio is also very large. The first proper-
ty is characteristic of the dangling bonds at the XD&
point. "

IV. RESULTS

In this section we analyze the temperature dependence
of the linewidths of surface states of InSb, GaSb, InAs,
and GaAs at the critical points X, X', and M. All the
studied features are related to the dangling (DB) and
bridge (BB) bonds of the anions Sb and As. Figure 1

shows the atomic geometry of the (110) surface from a
side view [Fig. 1(a)] and a top view [Fig. 1(b)]. The side
view shows the relaxed form of this surface: the anions
are above and the cations below the unrelaxed position,
respectively. The angle 8 that is formed between the
anion-cation bond and the unrelaxed position line is
called the relaxation angle, which has a value of about 30
for all III-V semiconductors as derived from dynamical
low-energy electron diffraction (LEED) and Rutherford
backscattering studies as well as from theoretical calcula-
tions.

In Fig. 2(a) the measured ARPES spectra of the occu-
pied dangling bonds performed at T=90 K at the X

A. Linewidth at T =0 K

We analyze here the term I o and its components. The
values of I o lie between 246+20 and 416+10 meV as can
be seen in Table I. Since I z)&I „, the experimental value
of I"o can be compared directly to the inverse lifetime
I;(0) of the initial state. The values of I, (0), which
agree approximately with estimated values from the
room-temperature spectra of the same points, ' are much
larger than reported values for surface states in metals.
The Shockley-type sp surface state of Cu has a measured
value of I, (0) ~ 100 meV. The lowest reported value
of I, (0) in Cu is 50 meV, ' which gives a reasonable
agreement between available theoretical calculations and
experiment. Theoretical estimates of the intrinsic inverse
lifetime of the image-potential-induced surface states of
metals' give values for I ';"'(0) of less than 20 meV.
Analogous calculations have not yet been performed for
semiconductors. Values up to 0.4 eV were obtained for
I"(300) in metals. In this case the above-mentioned sp
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FIG. 3. ARPES spectra of the X DB point at T=90 K taken
with 21.22-eV photons. (a) Spectra of InSb, GaSb, and InAs
(n —10' cm ). (b) Measured linewidth of X DB(InSb) as a func-
tion of temperature.

FIG. 4. ARPES spectra of the X» point at T=90 K taken
with 21.22-eV photons. (a) Spectra of InSb, GaSb, and InAs
(n —10' cm ). (b) Measured linewidth of X»(InSb) as a func-
tion of temperature.
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TABLE I. Binding energies c; (referred to the valence-band maximum) and the polar angle 0 of
selected critical points of the dangling-bond (DB) and bridge-bond (BB) bands together with the
linewidth parameters I o and y„~, for InSb, GaSb, and InAs (n —10' cm ). Because of the overlap
with the bulk states, X»(GaSb) is not exactly reached. XDB(InSb) and X»(InSb) were studied in Ref.
1.

III-V

InSb
InSb
InSb

GaSb
GaSb
GaSb
GaSb

InAs
InAs
InAs
InAs

Xpq
XDB
XBB

XpB
XDB
M~~
-X~q

Xpq
XDq
Moq
XBB

c; (eV)

1.44
0.93
3.33

1.23
0.88
1.03
2.67

1.23
0.97
1.02
2.70

0 (degrees)

20
14
36

21
15
26
35

20
12
23
41

I 0 (meV)

367+10
312+15
416+10

265+10
330+20
273+20
270+15

303+10
308+10
246+20
365+10

y,„, (meV/K)

0.29+0.04
0.24+0.05
0.13+0.04

0.33+0.04
0.21+0.05
0.18+0.05
0.07+0.05

0.38+0.04
0.23+0.04
0.28+0.05
0.11+0.05

surface state of Cu had a width of approximately 0.25 eV.
%'e believe that the differences arise from insufhcient
resolution and the quality of the surface, so that the latter
values are not representative of I',"'.

The calculations of Ref. 19 are performed with hydro-
genlike initial states. In this case the wave function has
the form a e ', where r represents the distance to the
nuclei and o; is a free parameter, with the dimension of an
inverse distance, that represents the extension of the
wave function. For the dangling bonds this extension is
shorter (i.e., a larger) than in metals because the states
are strongly localized. As is shown in Ref. 19 the value
of I,'"'(0) increases with increasing a. Hence, according
to this model, the value of the intrinsic inverse lifetime in
semiconductors should be larger than in metals. For
metals the parameter n has a typical value of 0.25.
Values between 0.15 and 0.5 give values of I,'"'(0) be-
tween 1 and 28 meV. ' Thus, although no detailed calcu-
lation has been performed for semiconductors, we believe
that the measured inverse lifetime is not dominated by
hole recombination processes since I;(0)&) [I";"'(0)] .

Instead, we believe that the major contribution to the
measured inverse lifetime is given by defects at the sur-
face, predominantly steps produced during cleavage.
Determination of I, for bulk states by means of ARPES
(Ref. 1) suggested that the (110) surfaces of InSb were
composed of terraces with a mean length of 110+60A, or
about 17 atomic rows. This value corresponds to a mean
value along all the azimuths used in the experiment. In
fact, steps are distributed predominantly along specific
directions as has been shown by scanning-tunneling-
microscopy (STM) measurements on cleaved GaAs. ' Al-
though this value was obtained for InSb only, we believe
that it can be extended to the other materials since they
were cleaved in the same system. The surface bonds in
semiconductors are rather localized, so defects at the sur-
face can strongly distort the binding energies. The dis-
tortion due to steps will be larger for the atoms lying
close to the edge of the terraces than for the atoms in the
middle of the terrace so we expect a distribution of ener-

gies from different sites that may appear as a broadening.
In metals this effect is smaller because the electrons at the
surface are less localized and, consequently, screening
will tend to reduce the effect of defects. In addition to
steps, distortions of surface states might result from sur-
face stress due to the cleavage. It has been suggested,
however, that this stress should be small for cubic materi-
als, although the calculations in Ref. 22 were performed
using values of bulk parameters as surface parameters,
which might introduce an error and consequently a non-
negligible contribution to the linewidth.

The values for I 0 displayed in Table I correspond to
the best surfaces. These surfaces give reproducibly the
same values. When the quality of the cleavage is worse
we obtain increases of AI o-100 meV, although the ener-
gy dispersion from bulk features is still observable. Since
cleavage always results in steps, the only way to measure
the intrinsic inverse lifetime from semiconductors with
ARPES is to measure in situ grown surfaces. The (110)
nonpolar surfaces are, however, not usually grown in this
way (see nevertheless Ref. 23). The mean terrace length
of the (001) surfaces for GaAs is typically 600 A. We
believe that photoemission structures would be sharper
for these surfaces, but to our knowledge no such experi-
ments have yet been performed.

In addition to the lifetime of the optical transition and
broadening due to defects, ARPES is sensitive to scatter-
ing of the photoelectron after the transition. In particu-
lar, we consider conduction-band plasmon scat tering.
For concentrations of free carriers of 10' cm, the plas-
ma energy is less than 10 meV. For this small plasma en-
ergy, the probability for a photoelectron to lose energy to
it is quite large and multiple scattering can occur. The
effect of such losses will be an apparent broadening if the
instrument does not resolve individual losses. High-
resolution electron-energy-loss spectroscopy (HREELS)
measurements on GaAs, however, show that the contri-
bution due to multiple scattering is only about 20 meV
for these doping levels.

Thus we find that the measured linewidth of the
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dangling-bond and bridge-bond surface states in semicon-
ductors at critical points is dominated by the presence of
defects. To a lesser extent, the intrinsic inverse lifetime,
surface stress Auctuations, and inelastic scattering can
also make a contribution.

N, (s;)=N, (e;)+N, (e;)

where N, (e; ) and N, (E,. ) represent the density of
states related to the dangling and the bridge bond, respec-
tively. The Heaviside function e~ is 1 when the argu-
ment of the function is fulfilled and zero otherwise. N,
and N", represent the constant values of N, and N,
respectively. We set X, and N, inversely proportion-
al to the dangling-bond bandwidth c.~w and bridge-bond
bandwidth cz~, respectively, with a very similar propor-
tionality factor (number of electrons per unit cell). Esw is
defined as the energy between I D~ and XD&, and czar be-
tween X ~z and X~&. With these definitions we show in
Table II the calculated values for the bandwidths as de-
rived from Ref. 11. We then compare the ratio of the
temperature coefficients for linewidths within a given ma-
terial with the corresponding density of states, in order to
study possible correlations.

For InSb the temperature coefficients of the dangling
bonds at the XDB and X Dz points are similar,

y — =0.29+0.04 meV/K and y —, =0.24+0.05
DB DB

meV/K, respectively (see Table I). Since these two points
belong to the anion dangling bond they have the same
value of N, according to our approximation and, corre-
spondingly, they should have the same temperature
coefficients, as observed experimentally. Considering the
bridge bond, the ratio y& /yz has a value of 2.23

DB BB

(y~ =0.13+0.04 meV/K) and N, /N, =Enw/sBw
BB

equals 2.4, as deduced from Table II. We thus observe

TABLE II. Bandwidth of the dangling-bond band (c~~) and
of the bridge-bond band (c~~) as calculated from Ref. 11 for
InSb, CxaSb, and InAs. cB~ corresponds to the width between
I DB and XDB and cBw between X BB and XBB.

III-V

InSb
CxaSb
InAs

0.5
0.7
0.7

B'„(eV)

1.2
1.4
1.6

B. Temperature coe%cients y,„~,

We make an analysis based on the parameters of Eq.
(7). The experimental values of y,„,are given in Table I.
We study first the term N„ the electronic density of the
surface states. For (110) surfaces N, can be considered,
as a first approximation, to be the sum of constant func-
tions of the binding energy. This approximation is sug-
gested by direct inspection of available theoretical calcu-
lations. In this case we write

that for InSb the difFerences in temperature coefficients
can be explained based on the density of states with com-
mon values of D /0, -.

This simple model runs into difficulties for GaSb and
InAs. In both cases y~ is larger than y —, and y+DB DB DB

However the latter two coefficients are very similar, in
agreement with the model. The value yz of GaSb is

BB

not considered since it does not correspond exactly to
X~B, because at this point there is considerable overlap
with bulk states. For InAs, the ratio between y-, (or

DB

yM ) and y~ is 2.1, and EBw/EBw=2. 3, so that the
DB BB

agreement is again good. We thus observe that this
simplified model of the surface density of states accounts
for the ratio between temperature coefficients for a given
material, except for those at the XDB point (InSb is an ex-
ception). Theoretical calculations of the surface density
of states of AlAs (Ref. 28) show a strong maximum
around the XDB point. The ratio between the average
density of states and this maximum is around 0.6. This
behavior is also approximately observed in the calcula-
tions for GaAs (Ref. 27) so we believe that it can be ex-
tended to the III-V semiconductors used in the present
work. This value is also found between y& and y-,

DB DB

(or y~ ) for GaSb and InAs, possibly explaining the

discrepancies. The same kind of analysis can be per-
formed for the different temperature coefficients of
different materials. These coefficients are very similar for
InSb, GaSb, and InAs as well as for GaAs [in this case
only y- (=0.33 meV/K) was measured]. Note, howev-

XDB

er, the discrepancy at MD& for InAs and GaSb. We thus
conclude that the factor

1 D
m.„+m... kO,

L

does not show strong variations among the different
states or materials in most cases and that the density of
states accounts for most of the variation in the tempera-
ture coefFicients.

We consider next the expression D/0 in more detail.
This could, in principle, be calculated if the surface pho-
non density of states and the corresponding coupling
strengths were known. However, only limited informa-
tion is available, so that we consider, as a first approxi-
mation, a limited part of the electron-lattice interaction.
In particular, it is known that the relaxation of the sur-
face denoted by the parameter 6, has a strong effect on
the energy of the surface states c.;, causing the dangling-
bond states to move out of the bulk gap. [Note, howev-
er, that. these states have been observed to remain in the
gap for two of the materials: GaSb (Ref. 31) and InSb
(Ref. 10)]. Recently a vibrational mode has been ob-
served in CxaAs by inelastic scattering of He atoms at an
energy of 10 meV. This mode has been attributed to a
bond-length-conserving libration of the anion-cation
chain within the [110] direction similar to the rotation
corresponding to the relaxation33 [see Fig. 1(b)]. A simi-
lar mode has been also observed in the Si(111)-(2X 1) sur-
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face with an energy of 10.5 meV, which is associated
with the oscillation of the reconstruction-induced tilted
chains. The fact that both modes have almost the same
value is a consequence of the similarity of the relaxed
(110) surfaces of the III-V and the reconstructed (ill)-
(2X 1) of Si. This mode has also a value around 10 meV
for many III-V and II-VI semiconductors, according to
theoretical calculations of Refs. 33 and 36. Because of
the similarity between this mode and the relaxation, we
try to analyze its coupling constants (deformation poten-
tial) to electronic states. The effect of similar modes on
surface spectra for Si has earlier been investigated.

To consider the effect on linewidth of coupling to this
mode, we estimate the deformation potential using
theoretical calculations of the variation of the binding en-
ergy c.; as a function of the relaxation angle 8 [Fig. 2(a)
from Ref. 30]. These estimates give a minimum of s;
around 8=27', whereas total-energy minimization calcu-
lations deliver values of 31' (Ref. 39) and LEED gives
29 . We thus approximate the deformation potential as
the slope of s, (8) at 31'. After transforminq 8 into an
atomic displacement it results in D —1 eV/A, which is
smaller than calculated deformation potentials of bulk in-
tervalley transitions' for which D-3 eV/A. If we use
the experimental value of 29', the coupling is even weak-
er. Since the energy of this mode (10 meV) corresponds
to a temperature of 120 K compared to the bulk (-300
K), the ratio D/0, , should be close to the average. We
thus conclude that the effect of the bond-length-
conserving libration of the anion-cation chain on the tem-
perature dependence of the ARPES peaks is average to
weak. This conclusion differs from an analysis of
Si(111)-2X 1) surfaces, ' which interpret the strong
temperature dependence of the width of the dangling-
bond transitions as due to a strong coupling to the Ein-
stein mode at 10.5 meV. We note that the analyses per-
formed in these references are based on models for
electron-phonon coupling, other than band renormaliza-
tion, which give T' rather than linear temperature
dependence of the width: frozen-phonon mode or local-
ized transitions. However, the qualitative difference in
our conclusions appears to be due to differences in the
Si(111)-(2X1)and the GaAs(110) surfaces. The seeming-
ly surprising weak deformation potential for this mode,
despite the strong effect of relaxation, is explainable be-
cause the dangling bond state has minimum energy at
nearly the same angle as the total energy, giving thus a
small value of BE,. /M at the equilibrium position. This
value is not so small for Si(111)(D -4 eV/A).

Assuming then that no particular subset of phonons
has a dominant contribution, we estimate 0; for the dan-
gling bond of GaAs. For this purpose we take the experi-
mental value of y, (=0.33 meV/K), the calculated densi-
ty of states as derived from Ref. 11 (N, —1/0. 5 eV ')
and we assume D to have similar values as for bulk states
(D-3 eV/A), as suggested in Ref. 40. By using Eq. (7)
for all the phonon branches (with the factor 6), we obtain
0;-400 K (A'co-36 meV), a value somewhat larger than
the accepted 300 K for bulk transitions. It thus appears
that the temperature dependence of the widths is high
primarily due to the high density of states. For a more

detailed analysis, more information about coupling
strengths and density of phonon and electron states is
needed.

C. Influence of doping on the line shape of Xon(GaAs)

Together with the room-temperature measurements of
the XDB point of GaAs for lightly doped samples
(n —10' cm ), spectra at the same point for heavily
doped samples (p —10' cm ) were also taken in order to
study the influence of the doping on the line shape. The
measured spectra are shown in Fig. 5(a). Since the

Ga As(110)[110]
&~ = 21.22e V
T = 300E
8=23

~BB 1 l

p ~ 1019&m-3

n 101 cm

1.0 2.0 4.0

BINDING ENERGY (eV)

500
Xoa(Ga As)

450
=

p = 2.2-33
)(

x 10' cm

E 400

350

300
0

I I

200 300
T(K)

FIG. 5. (a) Comparison of the ARPES spectra of the X»
point for heavily doped (p —10' cm, solid line) and lightly
doped (n —10' cm ', dashed line) GaAs. The position of the
-Xas point excited with the Her/3 satellite (23.09 eV) is also
shown. (b) Measured linewidth for X»(GaAs) as a function of
temperature for the heavily doped sample.
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co+ 1—
COp s

0

4mNe

me@co
(9)

where co and co, represent the bulk and surface plasma
frequencies, respectively, c.o the static dielectric constant,
m, ~ the effective mass, and N the carrier concentration.
Using Eq. (9) with m, tr

=0.067m, and E~= 12.85 (Ref. 26)
and N = n —10' cm, we obtained the above-mentioned
value Ace —10 meV. For N =p —10' cm andP
m, &=0.5m„we obtain Ace —80 meV for the same
value of co. This last value is no longer small compared
to our resolution and such losses may be responsible for
the asymmetric broadening. When, as in this case, the
loss is comparable to the peak width, the spectrum is not
very sensitive to loss energy so we do not attempt a de-
tailed fit. We note, however, that the interaction with
such plasmons is probably strong enough to cause this
effect as deduced from comparison with HREELS re-
sults. Because co)&1 it follows that co =co, so that no
distinction between bulk and surface plasmons is con-
sidered. We would however need another explanation for
the higher intensity of the undoped sample in the high-
kinetic-energy (low-binding-energy) side of XDB. One
possible reason is that the inhomogeneities of the Fermi-
level position on the surface due to defects are less
effectively screened for the low carrier concentration but
we are unable to draw a firm conclusion.

In Fig. 5(a) the position of the XBB point expected for
excitation with the He I&(23.09 eV) satellite is also shown.
Since the contribution of this satellite in our experimental
setup is very small (around 4%%uo) and since the spectra are
very similar, this contribution is neglected.

In addition to the plasmon scattering, there could be
an effect on the initial-state lifetime due to doping. The
temperature dependence of the linewidth of the XDB
point for the highly doped sample is shown in Fig. 5(b).
We first consider the term I o. In addition to the previ-
ously mentioned contribution of surface defects, the high
concentration of ionized dopants may contribute to the
linewidth. Determining the full width at half maximum
(FWHM) by doubling the HWHM on the lower-binding-

difference due to doping is smaH, and in general different
surfaces have different defect densities, we confirmed
reproducibility by measuring many surfaces for both the
heavily and lightly doped samples. The spectra of Fig.
5(a) show typical spectra that reproducibly have the same
line shape. The two spectra have been shifted with
respect to each other by 0.89 eV in order to line up the
peaks, since the two types of doped samples have
different Fermi levels. Thus the figure can only be used
for line-shape studies and not for frequency shifts. In ad-
dition, the relative intensities of the curves, which for
different cleaves are generally arbitrary, have been nor-
malized to give equal peak heights for the bridge bond.

The increased intensity for the heavily doped sample
on the low kinetic energy (high binding energy) side of
the peaks may be due to inelastic scattering by free car-
riers (plasmons). The plasma frequencies of the free car-
riers are given by '

energy side (in order to avoid the asymmetric effect of the
plasmon losses), we obtain I O=330+10 meV for both
free-carrier concentrations, so that no measurable
difference was observed. Ellipsometric measurements of
the E, and E2 gaps of Si (Ref. 44) and CTaAs (Ref. 45),
show that the intrinsic inverse lifetime increases with the
free-carrier concentration according to an N law,
where N represents the doping and ua an exponential
factor. This expression can be derived in the framework
of the renormalization of energy bands due to interaction
of electrons with impurities. The exponential ua has a
typical value -0.5 for the above-mentioned optical tran-
sitions. The measured changes between pure materials
and sample with N —10 cm are typically less than 30
meV, differences that cannot be observed with our photo-
emission system. We conclude that the influence of the
free carriers on the linewidth at zero temperature is small
compared to that of surface defects.

The temperature dependence of I; for the p —10'
cm sample is shown in Fig. 5(b). The corresponding
temperature coefficient is y; =0.33+0.04 meV/K. Since
this is similar to the values for the low-doped samples, we
conclude that the electron-phonon coupling discussed
earlier dominates the temperature dependence of the life-
time broadening as compared to electron plasmon cou-
pling which would be significantly affected by the carrier
density. Thus the coupling to the 10-meV plasmons of
the slightly doped materials must be weak.

V. SUMMARY

We have presented a study of the temperature depen-
dence of the photoemission linewidth of the dangling and
bridge bonds at critical points of InSb, GaSb, InAs, and
CraAs (110) surfaces. The linewidth at zero temperature
is dominated by the presence of defects at the surface due
to cleavage, since they distort the rather localized surface
states. To a lesser extent, the intrinsic inverse lifetime
contributes to this term. The effect of multiple inelastic
scattering and surface stress is considerably smaller. The
temperature coefficients have been compared to a model
based on the renormalization of the energy bands by the
electron-phonon interaction. These coefficients are func-
tions of the density of states at the point where the transi-
tions occur and of an average effective Debye tempera-
ture. We have proposed a simple approximation for the
density of surface states which separates the contribu-
tions from the dangling- and bridge-bond bands. This
model allows the comparison of different temperature
coefficients for a given material as well as for different
materials; it works reasonably well except at the XD&
point. It appears that differences in the coefficients com-
pared with the bulk can also be explained as primarily
due to differences in electronic density of states.

Measurements of the XD& point of GaAs with heavily
and lightly doped samples suggest resolvable plasmon
loss at high carrier density, although no quantitative esti-
mates can be made. The inhuence of impurities to the
linewidth was found to be negligible and the temperature
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coefficient of the heavily doped sample was shown to be
also dominated by the electron-phonon interaction.

More detailed analysis will require characterization of
the same surfaces used for the ARPES measurements
with complementary techniques such as HREELS and
LEED in order to better understand the eA'ect of surface
defects and inelastic scattering. ARPES measurements
down to 20 K are also desirable. Calculations of both the
density of surface electronic and phonon states will be
also needed, in order to compare the temperature
coefficients of di6'erent compounds. Systematic studies of

the ARPES spectra for di6'erent carrier concentrations
are also necessary.
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