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Thermal Equilibration of Surface Defects in Hydrogenated Amorphous Silicon-Germanium Alloys
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We measured the energy and density of near-surface defects in hydrogenated amorphous silicon, ger-
manium, and their alloys by total-yield photoemission spectroscopy. The defects lie 0.56 eV above the
valence-band edge, independent of alloy composition. The defect density at the clean surface is constant
at -2 x 10" cm . These values agree exactly with the equilibrium theory of dangling bonds, so that
our experiments furnish the first evidence for thermal equilibration of semiconductor surface defects.

PACS numbers: 71.55.Jv, 73.20.Hb, 79.60.Eq

Thermodynamic equilibration in hydrogenated amor-
phous silicon (a-Si:H) was first invoked by Street to ex-
plain the relation between dopant concentration in the
gas phase and the incorporation of electrically active
dopants at the growing film surface. ' At the time, one of
the outstanding questions in the defect physics of a-Si:H
was the mechanism by which the density of dangling-
bond defects in the bulk is controlled and limited. This
question was answered by showing that at sufficiently

high temperature the strained bonds in the film (which
form the valence-band tail states) are in thermal equilib-
rium with the dangling bonds. In this Letter we ad-
dress the density of surface defects in a-Si:H and its al-

loys with germanium. It has been observed that al-

though this density can be varied over a wide range, it
cannot be brought below a level of 10" to 10' cm
In this work we demonstrate that in an -4-nm-deep lay-
er at the surface, the (near-surface) defects are in equi-
librium with the valence-band tail. We verify the equili-
bration experimentally by total-yield photoelectron spec-
troscopy on a-Si:H, a-Si„,Ge~ —„.H alloys, and a-Ge:H
with optical gaps E04 (defined as the photon energy at
which the optical absorption coefficient is equal to 10
cm ') ranging from 1.9 to 1.2 eV. Our experiments
furnish the first proof for the establishment of thermo-
dynamic equilibrium for a defect at a semiconductor sur-
face.

The a-Si Ge~ „.H alloys were deposited by conven-
tional rf glow discharge from mixtures of silane, ger-
mane, and hydrogen. The GeH4/SiH4 ratio was varied
continuously to obtain material spanning the full compo-
sition range from nonalloyed a-Si:H to a-Ge:H. The
hydrogen-dilution ratio (flow rate of H2 to flow rate of
SiH4+GeH4) was kept constant at 5. The films were
grown to a thickness of typically 500 nm. Within a
minute after termination of growth the films were
transferred, under ultrahigh vacuum, from the growth
chamber to the analysis chamber (base pressure & 2
x 10 ' Torr) for the Kelvin-probe and photoemission

measurements.
In total-yield photoemission spectroscopy, spectrally

resolved ultraviolet light (with photon energy from 3.5 to
6.4 eV) is applied to excite electrons from occupied
states to the vacuum level. As the photon energy is

scanned, the total number of photoemitted electrons is

counted. The ratio of the number of collected photoelec-
trons to the incident photon flux defines the photoelectric
yield Y(hca) which in amorphous semiconductors is pro-
portional to a convolution between the initial (occupied)
density of states g„(E) and the final density of states just
above the vacuum level g„„(E). The latter is known

from earlier measurements to be constant between 0 to 2
eV above the vacuum level. The energy dependence of
the dipole matrix element for the transition is also well

established. Thus, the occupied density of states g,, (E)
can be handily obtained from a photoyield spectrum by
simple differentiation:

g, , (hta) ~ (hco) "[4Y(hco)/bra+aY(hco)/d(hto)] . (1)

Winer, Hirabayashi, and Ley normalized g,, (E) in a
Si:H to a value of 1 X10 states/eVcm at 6.2-eV pho-
ton energy. We employed the same normalization fac-
tor for the a-Si„Ge~ -„.H spectra. ' The resultant densi-
ties of states are estimated to be accurate within a factor
of 2. The valence-band edge is defined at g„(E) 3
X10 ' cm 'eV '. The Fermi-level position EF was
determined by measuring the contact potential diA'erence

with respect to a vibrating molybdenum reed of known
work function (a Kelvin probe).

The spatial resolution of the yield technique is set by
the depths for photon absorption and for photoelectron
escape. Both vary from 2.5 to 10 nm over the energy
range encompassed by our measurements. We take 4
nm as the average probing depth. Thus, the spectra de-
scribe the near-surface layer of the measured films. We
took advantage of this feature to study the near-surface
density of states.

Figure 1 shows two near-surface distributions of occu-
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FIG. l. Typical occupied density-of-states spectra for a-
Si:H and an a-Si„Gei — .H alloy. The exponential region span-
ning about 2 orders of magnitude in the density of states
defines the valence-band tail. The defect subband is uncovered

by subtracting the valence-band tail from the total DOS. The
FWHM of the defect distribution narrows abruptly as the Ge
concentration is increased to approximately 20% (Eo4 1.7
eV).

(2)

where N~ =4.7&10 cm, the average of the atomic

pied states, one for a-Si:H and the other for a typical al-
loy. The distributions show clearly exponential valence-
band tails from which the characteristic energy Eo„„
defined by Eo,, ———I/(ding„(E)/dE), can be obtained.
Subtracting the valence-band tail from the total density
of states reveals the near-surface defect states from
which the defect energy E,d and defect density N, d are
readily evaluated. In an analogous manner, Eo, , E,d,

and N, d were obtained for several other samples. Fig-
ures 2 and 3 show the data for eleven samples whose Eo4
range from 1.2 to 1.9 eV. The lines shown for Eo,, and

E,d represent fits to the data. The solid line for N,d is the
theoretically calculated result, obtained from equilibrium
theory as discussed below.

In the thermodynamic equilibrium theory proposed for
a-Si:H, the density of dangling bonds is governed by a
balance between the breaking of strained bonds and the
joining of pairs of dangling bonds. Developed for bulk
material, the theory predicts that the defect density %,
varies with the defect energy Ed (counted from the
valence-band edge), the density of valence-band tail
states expressed in terms of the density at the valence-
band edge N, , , and the characteristic tail energy Eo,, as

N =[4N ( —2E /kT)l

(N E ) 2Eo i(2Eo ~ +kT&
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FIG. 2. Experimental results for the valence-band-tail
characteristic energy Eo,, and the energy of the near-surface
defect subband E~ referenced to the valence-band edge
(defined at a density of states of 3x102' cm 'eV '). The
solid lines are the averages of the measured values (note that
although Ep,. has an average at about 54 meV, the best films

have an Eo,, of 52 meV across the full alloy range).
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FIG. 3. Point-by-point comparison between experimental
results for the near-surface defect density 1V,d and the values

predicted by equilibrium theory, with the experimentally deter-
mined values of Eo,. and E~ as inputs. The solid line repre-
sents the average of the experimentally determined N, z (which

also coincides with the average of the theoretically calculated
values).

densities of Si (5.0x10 ) and Ge (4.4x10 ), and N„ is
3x10 ' cin 3eV ', as described earlier. With N, d, E,d,

and Eo„extracted from the total-yield photoemission
spectra, we have all the tools needed to test the thermal
equilibrium theory for the surface.

Figures 2 and 3 show that Eo„, E,d, and N, d remain
essentially constant, independent of alloy composition.
Since the characteristic tail energy and the defect energy
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enter together in determining N~ within the framework
of the equilibrium model, this invariance of all three pa-
rameters is a first intimation that thermodynamic equi-
librium determines the near-surface defect density N&.
Eo,, scatters between 50 and 58 meV with a mean at ap-
proximately 54 meV (Fig. 2) which is comparable to
values for bulk a-Si„Ge|-„.H alloys. " ' Our measure-
ments show that the near-surface defects lie at E,d ap-
proximately 0.56 eV above the valence-band edge (Fig.
2). Photoyield measurements of Eo„show that it begins
to rise more rapidly with increasing temperature between
150 and 200'C. ' Therefore, we take the freeze-in tem-
perature of the valence-band tail, and thus of the surface
defects, as 170'C. Substituting these values for Ed, Eo,„
and T in Eq. (2) yields an N, d of -5x10'7 cm . This
value is between 1 and 2 orders of magnitude higher
than bulk defect densities measured in the same energy
region of the band gap for the same films via the con-
stant-photocurrent method and photothermal deflection
spectroscopy, which are spectroscopic techniques sensi-
tive to the bulk.

As shown in Fig. 3, a point-by-point comparison be-
tween experimentally determined and theoretically cal-
culated values of N,d reveals almost perfect agreement
despite the scatter of the individual values. Small
discrepancies are accounted for by experimental uncer-
tainty in the determination of Eo,, ( 1.5 meV) which
produces an approximately 40% uncertainty in the value
of N,d. The solid agreement between theory and experi-
ment is a strong affirmation of thermal equilibrium be-
tween the strained and the dangling bonds in the near-
surface layer of the a-Si:H-a-Ge:H alloy system.

The defect density of 5x10' cm 3, when multiplied
by the 4-nm probe depth of the yield measurement,
translates into a surface-state density of 2x10"cm, a
value which is typical of optimized a-Si:H film surfaces.

We have shown that the surface defect density is de-
scribed accurately by equilibrium between strained and
broken bonds. This description implies that the surface
defects are associated with dangling bonds. Yet, several
issues relating to these surface states remain to be
clarified. For instance, they lie 0.56 eV above E,„deeper
than the bulk defects which roughly track midgap. ' '
The lower energy of the surface defects may result from
a surface reconstruction, perhaps associated with the ex-
tensive surface coverage by SiH2 groups. ' In a defect
pool mechanism ' the shallow distribution is a conse-
quence of the presence of an electron accumulation layer
at the growing surface (EF lies approximately 0.5 eV
below E, at the clean surface of a-Si:H ). Why this lay-
er forms is not understood at present. Another puzzle is
the narrowing of the surface defect distribution with Ge
alloying (see Fig. 1). We observe that the full width at
half maximum (FWHM) decreases from 0.4 eV in
nonalloyed a-Si:H (E04=1.9 eV) to 0.27 eV for a-
Si„Gei-„..H alloys with E04 of 1.7 eV (x =0.8) or less.
This rather abrupt decrease in the FTHM with initial

Ge alloying signals a transition in the character of near-
surface defects which reflects either a change in the na-
ture of the defects (Ge vs Si dangling bonds) or, alterna-
tively, a change in the charge state of the dangling
bonds. These are intriguing questions that deserve fur-
ther study.

In conclusion, we have measured the energy and densi-
ty of states within 4 nm of the surface of a-Si Gel —„.H
alloys. We find that the defects lie 0.56 eV above the
valence-band edge and that their density is -2&&10"
cm, independent of Ge content. The density agrees
with the value calculated from thermodynamic equilibri-
um theory. This agreement suggests that the surface de-
fects are associated with dangling bonds. Our results
represent the first identification of an electronic surface
defect in thermal equilibrium.
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