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where
5C2/=%h Z iFa,g(t)ca*c;;, (AZO)
o8
and
Fap(t) =kas'(P(1),Q(1)). (A21)

It follows from (A18) and (A21) that the statistical
properties of & are determined by those of P, Q that
were discussed following Eq. (A18). One important
quantity is (Fas(f))pn. This is a constant, with respect
to time, since we are considering only situations where
the thermal conditions are steady. Therefore, by (A18)
and (A21),

(gaﬂ(t) >ph= <gaﬁ(0)>ph= <kaﬁ,(P;Q)>ph~
Consequently, by (A12) and (A15),

(Fap(t) )on=0. (A22)

SEWELL

It is convenient to re-express the formalism for 3¢’ in
terms of matrix elements between single-particle states

[pa)=ca*|),

where |) is the vacuum state, i.e., co|)=0 for all a. It
follows from (A9), (A13), (A19), and (A20) that

5(3/ = 3C0+3C1+§}C2/, (A234)
where
($a™|3Co| P8) = €a'8as, (A23b)
<¢a*[3C1;¢B>=%h9a3(1_5a5)7 (AZSC)
and
(Pa™ 3¢ | dg)=31Tap(t)(1—08ap).  (A23d)

Also, by (A17), the dipole operator is given by

(ba* M| pg)= —e€oaadap. (A24)
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Density and Energy of Surface States on Cleaved Surfaces of Germanium*
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(Received 29 June 1962)

The channel technique has been successfully applied to measurement of the properties of cleaved germ-
anium surfaces. A clean germanium surface is highly p type with the Fermi level near the valence band at the
surface. This is brought about by acceptor-like surface states close to the edge of the valence band with a
density of at least 1.5)X10'2/cm?. The density of these low-lying surface states decreases when the surface
is exposed to oxygen. A comparison is made between results on cleaved surfaces and surfaces cleaned by ion

bombardment.

IN recent years a number of attempts have been made
to produce atomically clean surfaces on semicon-
ductors. A clean semiconductor surface should lend it-
self to a much simpler and more fruitful investigation
of basic surface properties.

A number of methods have been used to produce
clean surfaces, namely, ion bombardment and anneal-
ing,'? cleavage,* vacuum heat treatment, and

* This research was supported in part by the United States Air
Force through the Air Force Office of Scientific Research (ARDC).
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ever, the cleavage technique can be used to produce an
atomically clean surface which cannot be guaranteed
by any other method.

It is possible to use a clean surface to investigate the
effect of various gases on the properties of a surface in a
controlled manner because the initial state of the sur-
face should be reproducibly the same. We chose to use
cleavage in ultra-high vacuum to achieve an atomically
clean surface, at least temporarily. We have studied
only the effect of adsorption and oxidation on the elec-
trical properties of cleaved surfaces. Actual adsorp-
tion studies have been done separately by others® on
germanium cleaved (crushed) surfaces.

From previous experiments'® we found that a clean
germanium surface produced by cleavage in high
vacuum is highly p type with a field effect mobility of
100-300 cm?/V-sec. On exposure to oxygen, gs, the
surface conductivity, initially increased by a small

:LINE OF CLEAVAGE

N

P-TYPE
MESA

NOOOOOD

CLEAVED
SURFACE

%
190 4-’ 40L.oao

Fi1c. 1. Sample configuration

amount (more p type) and then decreased (more %
type) until the surface eventually became # type. The
field effect mobility increased to a maximum, then de-
creased, and eventually changed sign indicating an
n-type surface. These experiments were performed on
samples which were quite thick (1-2 mm) and had only
one cleaved surface. The other surfaces were lapped or
sandblasted. Although the results were qualitatively
significant, we could not get good quantitative results
because of poor sensitivity and because the surfaces,
other than the cleaved surface, were not completely
stable. These difficulties forced us to change our ex-
perimental approach.

If the surface is highly # or p type after cleavage, one
can choose the bulk material so that an inversion layer
is produced at the surface. It should then be possible
to use the “channel” method of Statz and co-workers,?
which effectively isolates the surface from the bulk,

1 H. Statz, G. A. deMars, L. Davis, Jr., and A. Adams, Jr.,
Phys. Rev. 101, 1272 (1956).
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thus making it possible to measure surface conductivity
directly. This method has already been used to study
silicon cleaved surfaces.”

EXPERIMENTAL TECHNIQUES

Since a cleaved germanium surface is initially highly
P type, it is possible to produce an inversion layer on
n-type germanium. Experiments were performed on a
pnp transistor-like structure as shown in Fig. 1 with the
specimen oriented for cleavage along a {111} plane.
Junctions were formed by zinc diffusion and mesa
etching. The surface concentration of the diffused layer
was high enough to allow the use of a silver paste to
make electrical contact to the junctions. The “base”
was about 1 mm wide. Figure 2 shows the germanium
sample, including back plates, as it was mounted in the
sample holder. The backing plates were cemented to
both sides of the sample to provide physical strength
and proper orientation in the sample holder. Errors in
sample dimensions are estimated at 59,. All measure-
ments were room temperature.

The vacuum system was capable of reaching an ulti-
mate vacuum of 3)X10~° mm Hg or less. Upon cleavage
(by raising and dropping a magnetic hammer), an in-
crease in pressure of about 10~ mm Hg was observed,
although the pressure in the immediate vicinity of the
cleaved surface was undoubtedly higher. The pressure
dropped back to the initial pressure before cleavage in a
matter of seconds. This burst in pressure had no ap-
parent effect on our results.

A p-type inversion layer on n-type germanium is
shown in Fig. 3 along with the measuring system. It is
possible to isolate the surface from the bulk by applica-
tion of reverse bias on the junctions so that channel re-
sistance measurements can be made directly. However,
if the ac impedance of the junctions is too small or the

P-TYPE SURFACE

Pl N [P

1000 Low

CYCLES| f? NOISE WAVE  foutput 0-10mv

O-IV. # 10 PRE-AMP| |ANALYZER |across RECORDER
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F16. 3. Measuring system
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layer on n-germanium.

base resistance too large, an “unwanted” output is
present. Since these conditions were not always met,
we attempted to measure the base resistance and the
ac impedance of the junctions to get an estimate of this
“unwanted” output.

If a channel or inversion layer exists on the cleaved
surface, one can determine the surface conductivity
(¢s) as a function of reverse bias (V,) from measure-
ment of the channel resistance. Figure 4 shows the posi-
tion of the energy bands at the surface for a p-type in-
version layer on n-type material.

Using the mathematical expressions of Statz and co-
workers? and the surface mobility corrections as cal-
culated by Schrieffer,”” it is possible to determine ¢s
(the difference in energy between the center of the
cnergy gap and the quasi-Fermi level for holes at the
surface) and Eg (the electric field at the surface) as a
function of V,. The calculations are considered in more
detail in the Appendix. From Eg the total charge in the
space-charge region due to excess holes and ionized
donors can be determined. This charge is equal in
magnitude to the charge in the surface states but of
opposite sign. This means we can determine the num-
ber of electrons in surface states. When a reverse bias
is applied, some of the donors become ionized. These
electrons are either taken up by surface states or re-
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samples pnp3 and pnp4.

2 J. R. Schrieffer, Phys. Rev. 97, 641 (1955).
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duce the excess hole density at the surface, thus lowering
¢s.

From the measurements of o5 vs V,, the total charge
in surface states can be determined as a function of ¢3.
In order to determine the charge in the “fast” states
versus ¢g, the charge in the “slow” states must be sub-
tracted in a manner described by Statz ef al.2* How-
ever, we did not observe any slow-state effects in our
experiments.

Through use of the usual Fermi distribution function
to describe the occupancy of the surface states as a
function of ¢, it is then possible to determine the energy
and density of “fast’ states.

RESULTS

The first experiments were done using a “base”
resistivity of 7Q cm. After cleavage in ultra-high vacuum
os was about 100 umhos/square at 1.5 V reverse bias
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in three separate experiments. This meant that ¢s was
about 0.33 eV, or the Fermi level at the surface was
near the edge of the valence band. The calculated values
of ¢s were obtained without taking into account the
probable degeneracy of the surface.

It was not theoretically possible to change ¢s or Ng
(the number of electrons/cm? in surface states) by ap-
plication of reverse bias immediately after cleavage,
because the excess hole density was much larger than
the change in density of ionized donors with applied
field. For this reason it was not possible to determine
explicitly the density and energy of surface states im-
mediately after cleavage. However, the density of sur-
face states must be at least 1.5)X102/cm?, the excess
hole density at the surface. Figure 5 shows the calcu-
lated values of ¢ as a function of V, for two cleaved
surfaces. The nonconstant value of 65 may indicate that
the mobility corrections as a function of V, are not
quite correct. This also appears to be true at lower
values of ¢5 where the surface is nondegenerate. An
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increase in ¢ at low-bias voltages was also observed by
Statz ef al.,! but was not interpreted in this manner.

After admission of oxygen to 1077 mm Hg, os in-
creased slightly (5-10 umhos/square) and then de-
creased, consistent with previous results® on conven-
ventional samples.

When o5 had decreased from an initial value of about
100 pmhos/square to about 40 umhos/square with
oxygen exposure, it was possible to affect ¢s by appli-
cation of reverse bias. Figure 6 shows the calculated
curves of the density of electrons in surface states, Vg,
as a function of ¢ on sample prp3. These curves show
essentially no change of N5 with ¢g; that is the density
of charge in the states is independent of the Fermi
level position over this variation of the Fermi level.
Thus, there are few, if any, surface states over the range
of ¢s obtained, and the surface states under observa-
tion are filled. In this, and succeeding figures, the in-
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F16. 7. N5 as function of ¢, sample pnp4, showing “annealing.”
Curve 1, a typical curve for before overnight evacuation. Curves
2-5, after overnight evacuation, with increasing oxygen exposure.

creasing numbers on the curves represent increasing
oxygen exposure. Figure 7 shows the variation of Ng
as a function of ¢s on sample pnpd, with a history
similar to pnp3. Here again, curve 1 is essentially flat,
50 V5 is constant. Curves 2-5 represent results obtained
after an overnight evacuation of the system. These
curves seem to indicate the presence of surface states
somewhere near 0.16 eV. If these results are compared
with those for pnp3, where we note no reasonable in-
crease in charge on surface states as we approach
¢s=0.16, it appears that surface states exist in this
case of overnight “‘annealing” which were not present
on sample pnp3. The possibility that surface states
might have been generated by some slow reaction with
oxygen exists but we were not able to substantiate this
hypothesis.

Since it was not possible to change ¢s by application
of reverse bias immediately after cleavage using 7-Q-cm
germanium, it was necessary to use a lower “base” re-
sistivity (0.14 Q-cm). With the low-resistivity material
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it was possible to change ¢s by application of reverse
bias immediately after cleavage. Figure 8 shows curves
of Ns vs ¢s immediately after cleavage and after ex-
posure to oxygen for sample pnpS. These results would
indicate few, if any, surface states in the range from 0.2
to 0.34 eV below the center of the forbidden gap. Simi-
lar results are shown in Fig. 9 for sample pnp6 (also
0.14 @-cm). These latter results are not in good agree-
ment with those previously obtained, as these show an
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F16. 10. Density of states on a germanium cleaved surface as
function of oxygen history. Dashed lines indicate regions where
insufficient data were available to calculate state density, and
represent charge density on the surface, Ns. Squares correspond
to sample pnp5 (low p), triangles and circles to pnpd and pnp3,
respectively, (high p), and X’s to Ns on sample pnp6 (low p).

apparent variation in the charge with varying ¢s. The
manner of the change, with the charge density increas-
ing with increasing ¢s, over the high-¢ region, does not
appear to be physically interpretable, and it is possi-
ble that some experimental problem, such as a damaged
surface, was involved. What we wish to emphasize with
this plot is that the low-resistivity samples did not
provide a uniformly reproducible result as did the high-
resistivity samples. Obviously, of course, the results are
qualilatively similar even in the questionable case.

Of additional interest is a logarithmic plot of .V,
(the density of states) vs ¢s for samples pnp3, pnp4,
and pnp3 as a function of pressure X time shown in
Fig. 10. In all cases the pressure was between 10~° mm
Hg and 10~® mm Hg during oxygen exposure and were
points taken within 6 h after cleavage. The data points
from pnp6 were included even though they did not in-
dicate constant Ng with ¢s. These data points repre-
sent the value of N as represented by the minimum of
Fig. 10.

There is good agreement between the results of the
different experiments. Also we note good agreement be-
tween values of N, the density of electrons, and A,
the density of states. This apparent agreement is ob-
served over several samples and over a wide range of
oxygen pressure time. The consistency would tend to
indicate that (a) the surface states are always filled in
the conditions of this figure, (b) the value of NV, can be
extrapolated to time zero, yielding a value for the
density of states on a clean surface, and (c) the density
is independent of the resistivity of the sample cleaved,
with an energy near or below the edge of the valence
band.

DISCUSSION OF RESULTS

Our results show that a cleaved germanium surface is
initially p type with the Fermi level at the surface near

MORRISON, AND DAUENBAUGH

the edge of the valence band. This is brought about by
acceptor-like surface states located near the edge of the
valence band with a density of about 2-3X102/cm?. The
density of these states decreases in a reproducible man-
ner upon exposure of the surface to oxygen.

AP, the excess hole density at the surface, as reported
here, is in good agreement with results reported by
Portnoy and Handler'® and Forman® on clean surfaces
produced by ion bombardment and annealing. On a
cleaved surface AP was 2-3X10%/cm? with

$5(v,=0)=0.33 €V,

as compared with the reported values of 1.5X10"/cm?
and ¢s=0.31 eV, by Portnoy and Handler, and
10?/cm? by Forman. This agreement is surprisingly
good considering the different methods used to obtain
a clean surface. There is a greater difference, however,
in the estimated density of surface states, which may
be related® to the plane exposed.

The surface states responsible for the nearly degener-
ate surface produced by cleavage must be located near
the edge of the valence band with a density of 2-3X10'?/
cm?, whereas Portnoy and Handler!'® determined from
field effect and surface conductivity measurements that
the density is at least 8 X10'2/cm? for a discrete trap at
the Fermi level, and as large as 8%X10/cm? per eV for
a uniform distribution in the forbidden gap. This would
correspond to a factor of 2 discrepancy, allowing for the
difference in surface state energy between his assump-
tions and our measurements. There is also qualitative
agreement in the measured values of og and upg for
cleaved surfaces' and surfaces cleaned by ion bombard-
ment and annealing.

The cleaved surfaces we obtained had steps and ap-
peared somewhat curved so that our cleaved surfaces
were far from atomically flat. Wolff and Broder? have
shown that a fractured silicon surface is far from atomi-
cally flat even when it appears so on a macroscopic
scale. Venables? has shown that cleavage splinters are
formed at cleavage steps. Imperfect cleavage could cer-
tainly be expected to influence the reproducibility and
validity of results obtained on cleaved surfaces. How-
ever, we have achieved good reproducibility using
cleavage in conjunction with channel measurements
initially after cleavage and after exposure to oxygen.

There can be little doubt that cleavage produces an
atomically clean surface which cannot be guaranteed by
any other method. Cleavage is very compatible with
“channel” experiments whereas bombardment and
annealing, or any other process involving heating, is
not too feasible because the doping impurities used to
form p-n junctions can be transferred to the surface
being cleaned. Cleavage can be used on a wide variety
of materials, limited only by the nature of cleavage.

2 G. A. Wolff and J. D. Broder, Acta. Cryst. 12, 313 (1959).
2 J. D. Venables, J. Appl. Phys. 31, 1503 (1960).
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Although we chose to investigate the effect of oxygen
on cleaved germanium surfaces, the effect of other gases
could be studied equally as well. An area of interest,
not cleared up in our experiments is the generation of
surface states by oxygen at an energy closer to the
center of the forbidden gap. It would be unreasonable
to assume that new surface states are not generated by
the adsorbed oxygen. Refinements in the cleavage
technique, the ability to produce low leakage junctions,
and an improved measuring system could allow more
definitive information about germanium surfaces from
“‘channel” experiments. It may also be possible, using
the channel technique, to measure the effective mobility
of holes at the surface by doing Hall-effect experiments.

APPENDIX

This section is included to show in more detail the
method used to convert measurements of ¢ and V,
into ¢g and N g.

The starting point is the equations of Statz et al.?':
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where p is the hole density per unit area, and the other
parameters are constants of the sample as defined by
Statz et al.”* From the solution of these equations a set
of curves is set up with the aid of a computer, yielding
p as a function of ¢5 and V,. The two limits for p are
normally within 29, and in the extreme values of
¢s and V,, it increases up to 59, which is still within
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experimental error, and well within the estimated error
of the effective mobility calculation.

Together with the hole concentration at a given V,
and ¢g, we must calculate the effective mobility as a
function of V, and ¢5.

It is convenient to define Schrieffer’s® expression 3
and B which are a function of V, and ¢5 as follows:

1 € 1/2 —QI¢SI
) )
up \8m*n; 2kT

pa g —q|¢s|
22Vl ol + ( )
- kTU |+ [¥n| +|os| ] exp T

B=

where m* was chosen as 0.25 m, consistent with
Schrieffer. Schrieffer has calculated pets/ubuix for B
from 0.1 to 6 and B from 0 to 10. The authors extended
this range to include values of 8<0.1 and B> 10 as re-
quired by the experimental observations. It is true that
these calculations do not take into account the probable
degeneracy of the surface. However, the consistency of
our experimental results is good even though correc-
tions for degenerate conditions were not made.

Thus a set of curves is drawn up (for a given sample)
providing the effective mobility as a function of V, and
¢s. Combining p and the effective mobility, we thus
obtain the surface conductivity o5 as a function of V,
and ¢ in a family of theoretical curves. From the ex-
perimental values of a5 and V,, the corresponding ¢ s
is obtained from these curves.

Knowing V, and ¢g, we calculate Ng from Statz’
equations and again obtain a family of theoretical curves
relating N to ¢s and V,.

Essz[pd(] Val 4 [9al + 5] —59

kT (q |$s] )]
+gnq— exp
q kT

and
Q= qNs= éEs/41r.

The above calculations were made for both high- and
low-resistivity “‘base” material by adjusting ¥, and p,.
All calculations and measurements were made at room
temperature.

Thus, with Vs and ¢ calculated from the experimen-
tal results, the curves shown in the manuscript are
obtained.



