ELECTRON-IRRADIATED Ge AT 80°K

2. Irradiation of #- and p-type specimens leads to an
increase in surface potential which causes the observed
changes in surface conductance and quenches the photo-
conductivity in the shoulder region. With increasing
electron energy, the irradiation becomes less effective
in producing a change in surface potential.

3. TIrradiation with 4.5-Mev electrons introduces
volume defects which, however, do not contribute to
the photoconductivity beyond the absorption edge. In
n-type specimens, the resulting decrease in surface po-
tential now allows transitions to empty states in a
second group of slow surface states lying between 0.2 ev
and 0.4 ev above the valence band.
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4. It is shown experimentally that a considerable
concentration of fast surface states exists within 0.05 ev
of the conduction band.
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Experiments are reported on the effects of ac electric fields and
ambients on the surface recombination velocity in germanium
and silicon. The variations in surface recombination are detected
by changes in the reverse current of large area “back surface”
diodes. The experimental method is an improved version of that
of Thomas and Rediker and is a convenient means of exploring
surface type, stability, time effects at the surface, and effects
induced by high ac fields and ambients on the slow surface states.
Observation of a maximum of surface recombination in terms of
applied field provides a reference point from which the zero-field
value of the surface potential can be evaluated, and the dependence
of the surface recombination velocity (s) on the surface potential
(¢s) can be established. Values of ¢, are in the range of 40.25 v

1. INTRODUCTION

IELD-INDUCED effects in semiconductor surfaces

yield substantial information on the physics of the
surface and on its electrical behavior. These effects
include changes induced in surface conductivity upon
application of an external electric field™® (usually
called the field-effect), as well as changes in surface
recombination velocity.®=® The present work is con-
cerned with the effects of ambients and ac electric
fields, in the frequency range of 0.01 to 1000 cps, on
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in Ge and 0.5 v in Si. The energies of the main recombination
states are at 6 kT to 9 kT from mid-gap in Ge and at +16 kT or
—16 kT in Si. Information on the surface potential and the sur-
face states obtained by the present technique is in reasonable
agreement with that derived from other types of measurements.
The present results are independent of uncertainties due to sur-
face mobility. Experimental patterns show directly that the
“charge” surface states are also the ones that give rise to surface
recombination. The width of the observed curves of s »s induced
charge (and ¢,) depends on bulk resistivity and is smaller for the
higher resistivity samples. Such behavior could arise from con-
tributions to s from recombination states distributed in the
surface space-charge region.

the semiconductor surface potential and the corre-
sponding changes in surface recombination velocity.
The electric field is applied normally to the “back”
surface of alloy-type germanium and silicon diodes and
the effects on the surface recombination velocity are
detected by the changes in the diode current.” This
technique is shown to be a very effective one in deter-
mining the type of surface (p, #, or intrinsic) that one
obtains with a given chemical treatment and ambient
atmosphere as well as the extent of stability of the
surface potential with time. A new method of approxi-
mately determining the zero-field value of the surface
potential (¢s) is provided by the observation of a maxi-
mum of surface recombination (s) in terms of an applied
field E. The experimental curves of s »s E and those of
s vs ¢, are discussed and interpreted in terms of the
energy levels, distribution, and carrier capture cross
sections of the surface states that give rise to recom-

® G. C. Dousmanis, Bull. Am. Phys. Soc. Ser. II, 2, 65, 135
(1957); The preliminary results for Ge given in the latter abstract
were subject to considerable inaccuracy in the field measurements.
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Fic. 1. Energy bands at semiconductor surface for the case of
p-type material with n-type surface.

bination. The frequency dependence of the effect of the
field on s yields information on the distribution of time
constants of the slow surface states.

The experimental curves of s vs induced charge show
distortions that are attributed to charge change in fast
surface states. Variations are observed in the width of
the s vs ¢ curves with impurity concentration that may
well indicate contributions to the surface recombination
velocity from states distributed in the surface space-
charge region.

2. SEMICONDUCTOR SURFACE, FIELD-INDUCED
CHANGES IN SURFACE POTENTIAL, AND
RECOMBINATION VELOCITY

The currently accepted model for the energy band
structure at a semiconductor surface is shown in Fig. 1.
Surface treatments and ambients introduce allowed
energy levels in the forbidden band at the surface and
these surface states have been the subject of consider-
able work.135:10-17 The net charge bound at the surface
states necessitates a bending of the bands near the
surface. The amount of bending is measured by ¢..
The electron and hole densities are given everywhere by

¢y

n= nigqqs/kT,
= —q¢/kT
p=mn.e a¢/kT,

where #; refers to the carrier concentration in intrinsic
material and ¢ is the absolute value of the electron
charge. ¢ varies between ¢, in the bulk (determined
exclusively by impurity concentration®) and ¢, at the
surface. The integrated total charge in the space-
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charge region, including in addition to the carriers
given by (1) the ionized donors and acceptors, is equal
and opposite to the charge bound per unit area at the
surface states.

The dependence of the surface recombination velocity
s on ¢, has been studied®911.19-22 gnd is, at least
qualitatively, understood. Depending on the density,
energy levels, distribution and carrier capture cross
sections of the recombination states, one calculates
curves of the type shown in Fig. 2. These curves will be
discussed in Sec. 4 below. Here we note that there is a
maximum of s near a middle region of ¢,, with very small
values of s at high (absolute) values of ¢, (strongly # or
p-type surface). The equilibrium value of ¢, is deter-
mined primarily by surface treatment and by ambients.
A change in ambient atmosphere, for example, from wet
O: to dry O,, changes germanium surfaces from # to

P type.®
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F1G. 2. Curves of s vs g¢./kT for various types of distributions
of the surface recombination states. 4 : curve for a single surface
state level. B: two energy levels equally effective for recom-
bination. C: continuous distribution of levels.

Application of an ac electric field, normal to the semi-
conductor surface, introduces changes in ¢, about its
equilibrium value. If frequencies of 60 to 1000 cps are
used, the “slow” states with effective time constants
larger than 0.03 sec do not have time to change their
charge during the ac cycle. The fast states, on the other
hand, with time constants of the order of microseconds,
have ample time to follow the field variations and are
in equilibrium with the bulk at each point of the ac
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cycle. As far as these states and the space-charge region
are concerned, the effect of the field is equivalent to
changes in the charge of the slow states and the bending
of the energy bands at the surface. Use of strong fields
(up to 5X10° volts/cm) allows variations in bending
between the extremes of upwards and downward types
(¢s varying between strongly # and p type).

The surface recombination velocity, through its de-
pendence on ¢, is effectively “modulated” by the
applied field about its zero-field value. In Fig. 2, the
changes of ¢, and s would be represented by excursions,
over a portion of the curve, about an equilibrium point
determined by surface treatment and ambient. Changes
of ambient, and also dc fields, result in shifts of this
“operating” point along the curve.

3. EXPERIMENTAL METHOD AND RESULTS

One is provided with a convenient method of detect-
ing changes in s, induced by fields applied to the
surface of a semiconductor diode, by changes in the
diode current if the reverse saturation current is pro-
portional to s. In a thin wafer having a p-z junction
alloyed to one side and the opposite side exposed to
fields and ambients, the diode reverse saturation current
will be proportional to s if the thickness of the sample is
comparable to or smaller than the diffusion length of
minority carriers.”® This specifies that minority carrier
lifetime is to be limited by surface rather than volume
recombination. In the samples used in this work (width
~0.017 cm) this condition is satisfied. The reverse
biased p-n junction collects the minority -carriers
thermally generated at the free or “back” surface of
the base wafer.

Field-induced effects on the reverse saturation cur-
rent of n-type germanium diodes have been reported
by Thomas and Rediker.” In the present work, effects
on both forward and reverse currents of #- and p-type
germanium samples are observed. Similar effects are
observed in silicon. The effects on the two currents are
interpreted in terms of modulation, by virtue of its
dependence on s, of the parameter 7, in the conventional
rectification formula

I=T(e™*T—1). )

The reverse saturation current /o, being to a good
approximation simply proportional to s, is easier to
interpret. Hence we are concerned in this paper with
field-induced effects on this, rather than on the forward
current.

Effects on the diode current due to changes of surface
conductivity, that may complicate interpretation of the
results, are negligible by comparison to those of surface
recombination.

The experimental arrangement is an improved version
of that of Thomas and Rediker” and is shown in
Fig. 3. I, is applied on the vertical of the oscilloscope

2 W. M. Webster, Proc. Inst. Radio Engrs. 43, 277 (1955).
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(terminal 4) while the horizontal sweep is driven by
the same field that is applied normally to the diode
“back’ surface. One therefore directly observes I vs the
field intensity E or, qualitatively, portions of the s vs ¢,
curve (Fig. 2) since s is proportional to I, and the
change in ¢, is a monotonic (although not a linear)
function of E.

A difficulty in previous arrangements’ is the voltage
drop across the semiconductor specimen due to the
displacement current through the dielectric (mica
spacer, Fig. 3) between the semiconductor and the
field electrode. This appears on the oscilloscope and
can obscure the real effect of £ on s. With the additional
RC circuit of Fig. 3, a balancing signal is applied to the
differential input of the oscilloscope (terminal B), and
the spurious effect is removed. The range of applicability
of the surface measuring technique, in frequency as
well as in sample resistivity, is now considerably in-
creased.

The diodes are of the alloy-type and the base material
is cut from large diameter (% to 1 in.) crystals. A large
junction area (0.3 cm?) provides better sensitivity
through the increased portion of the back surface that
is exposed to field and ambient. Ohmic contact is made
to a supporting piece of metal along the periphery of
the semiconductor wafers (Fig. 3). The specimens are
dried and all parts, excepting the surface opposite the
p-n junction, are covered with a polystyrene coating.
This protects the junction and the electrical connections
from etches to which the back surface is subsequently
subjected. Provision is made for exposing the back
surface to various gases at nearly atmospheric pressures.
Because of the use of the mica spacer, some caution is
to be exercised in applying the present conclusions to
entirely free surfaces.

Upon application of small ac fields (<10* volts/cm),
the observed pattern of I vs E is a straight line that
corresponds to small amplitude modulation of ¢, and s,
such as the portion bc of the curve in Fig. 2, about the
equilibrium point . From the slope of the observed
pattern and the polarities of 7o and E, it can be immedi-
ately deduced whether the surface is p or = type, or
close to intrinsic (if a maximum is observed). Changes

SEMICONDUCTOR
WAFER

l MICA SPACER
DIODE FIELD ELECTRODE
a , ©— 300V
v{’s /"”Io 1e
® #¢
CRO . OHMIC .
H + CONTACT 7R
T
£

F16. 3. Circuit for measurement of the effect of electric fields
on surface recombination velocity.
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of the pattern with time are indicative of the extent
of surface stability after a given chemical or other
treatment.

The effects of the field on silicon are, by comparison
to germanium, more difficult to observe. Since the
diffusion length of minority carriers is smaller in silicon,
the p-n junction for a given wafer thickness, is, by com-
parison to germanium, less influenced by the changes on
the opposite face of the wafer. Differences between the
two cases can also be understood in terms of the differ-
ence in width of the s vs ¢, curves. In addition, the
effect of the field on ¢, is substantially different in the
two cases. These points are discussed in Secs. 4 and 5
below.

Exposure of the surface to light reverses the slope of
the Io vs E patterns, as already reported by Thomas
and Rediker.” This has been attributed to the fact that
for large light-injected densities of minority carriers I,
is not proportional to s. The two quantities are pro-
portional to each other only as long as the minority
carrier density p in the bulk is less than p,. For large
injected densities, because of the larger minority carrier
loss by recombination for larger s, I decreases as s
increases. To this, however, one must add the effect of
light on ¢, and hence on s and 7,. Light-injected carriers
tend to flatten the bands at the surface, hence move ¢,

GEORGE C. DOUSMANIS

F16. 4. Patterns of
I, (or surface recom-
bination velocity) vs
applied field or in-
duced charge in 0.3-
® ohm-cm #n-type ger-
manium and relation
to surface type. The
horizontal and ver-
* tical gains are diff-
erent in each case.
The frequency is 60
cps.

from either side, p or #, towards the point where
¢s= ¢. Accordingly, s will move towards the maximum
plateau region of the s vs ¢, curve when the sample is
illuminated. Such a behavior of s has been observed
when the samples have been exposed to gradually
increasing light intensities.

If strong fields (10® to 10° volts/cm) are used, one
observes curvature in the oscilloscope patterns indi-
cating modulation of ¢, over a wide range of the curves
of Fig. 2. Photographs of patterns of this type are shown
in Fig. 4. In the first, taken with a 0.3-ohm-cm ger-
manium sample after treatment in CPy, ¢, is clearly on
the n side and the field swings it towards the n-+
side on the left, and towards the top of the curve to
the p side on the right. The second pattern was ob-
tained with the same diode when the surface was at
some point in the plateau of the s vs ¢, curve. The field
here introduces wide changes in ¢,. The third pattern
shows a p-type surface. The peak value of the applied
field is 5.6XX10° volts/cm in all three patterns but the
gain is different in each case.

In Fig. 5 a pattern of 0.3-ohm-cm #n-type Ge is
compared with one taken with 3-ohm-cm material. The
horizontal scale is linear in induced charge Q (or field E).
Note that a considerably larger induced charge is
required to sweep out the curve of the low-resistivity

Fic. 5. Patterns of Iy (or surface recombination) »s induced charge Q in 0.3- and 3-ohm-cm #-type germanium.
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F16. 6. Patterns of I, (or s)
vs applied field £in 0.1-ohm-
cm p-type Si. The maximum
of s is here shown as a mini-
mum because of the reversed
polarity of I, with respect to
that of the other figures. For
comparison an horizontal :
line is shown on the oscillo-
scope.

material. This trend continues in material of 12-ohm-
cm resistivity. The significance of this will be discussed
in Sec. 6 below. _

The patterns in Figs. 4 and 5 show predominance of
a single energy level for the fast surface states. That
the experimental curve is not as flat as Curve A4,
Fig. 2 is due to the fact that the experimental result is
strictly s vs E (or induced charge Q) rather than s vs ¢,.
When the abscissa is changed from E to ¢,, one obtains
a curve that closely fits the one expected from single-
level theory.

Patterns similar to Fig. 4 are obtained with 0.1-ohm-
cm p-type silicon. The maximum here (Fig. 6) is
broader, but aside from this, a single level again is
indicated for the surface recombination states.

In some cases more complicated patterns have been
observed. For example in some samples of 12-ohm-cm
n-type Ge, one observes the pattern of Fig. 7 with the
ambient intermediate between wet and dry O.. The
conspicuous asymmetry suggests the presence of more
than one energy level, which is confirmed by further
exploration of the left (# type) side, yielding the addi-
tional structure seen in Fig. 8. The ambient here is wet
air and the vertical gain by comparison to that of Fig. 7
is ten times larger. Figure 8 can be fitted on the left of
Fig. 7 to form a single pattern that is in reasonable
agreement with that expected from two discrete levels
of different densities and energies.

The frequency of the applied field in Figs. 4-8 is
60 cps.

Careful study of the curves of s vs induced charge
reveals small distortions corresponding to the inflection

Fic. 7. An asymmetric pattern of Io (or s) vs E obtained in
some cases with 12-ohm-cm #z-type germanium.
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point of the s vs ¢, curves and on the n-type side
(positive ¢,). Such a distortion is shown in the pattern
of Fig. 9 and can be attributed to charge change in
fast surface states of discrete energy. The charge states
change their charge most rapidly when ¢¢,=FE;—E,.
But this value of ¢, is also the one that corresponds to
the inflection point of the s vs ¢, curve arising from the
main recombination states (see Sec. 4). The fact that
the distortion in the patterns occurs at the inflection
point of the curves shows directly that these charge
states are the same as the recombination states. That
they are observed on the positive side of ¢, shows that
the levels are above rather than below mid-gap, a fact
that cannot be determined from the width of the curves
alone.

The amount of charge change due to the surface state
can be approximately determined from the horizontal
extent of the distortion in Fig. 9. This is  of the total
charge induced in % cycle or about 5X 10 charges/cm?.
This value is in fairly good agreement with those derived
from field-effect conductivity measurements.

The prominent hysteresis loop in Fig. 7 is partly due
to voltage drop across the specimen. Even if the direct
voltage drop is completely balanced by the RC circuit
(Fig. 3), hysteresis effects are persistently observed and
become more prominent at high frequencies. From their
frequency dependence, as also observed in field-effect
conductivity measurements,® one may conclude that at
higher frequencies they are associated with minority

F16. 8. I, (or s) vs E obtained with the sample of Fig. 7 in a wet
air atmosphere. This pattern is a continuation far to the left (or
n type) side of Fig. 7. The vertical gain is ten times that of Fig.
7. The additional structure here, and the asymmetry of Fig. 7,
show presence of a second energy level for the surface recombi-
nation states.
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 (INDUCED CHARGES PER cm?)
Fi16. 9. A distortion in the pattern of s »s applied field attributed
to charge change in fast states of discrete energy. That it occurs
at the inflection point of the curve shows that the states are the
same with the ones responsible for surface recombination. Since it
occurs on the n-type (positive ¢s) side of the curve it indicates
that the levels are above rather than below mid-gap. From the
horizontal extent of the distortion one concludes that the charge
change involved is about 5¢X10/cm?,

carrier lifetimes in that the recombination-generation
process is not fast enough to supply the carriers neces-
sary to balance the applied field. Some of the hysteresis
effects are ambient-dependent, being more prominent in
a wet air than a dry O, atmosphere.

Information on the slow-state time constants can be
obtained from the frequency dependence?? of the ampli-
tude of the effects of the field on s. The results of meas-
urements of the frequency dependence of the effect of
the field on s are shown in Fig. 10. The measurements
cover the frequency range of 0.01 to 1000 cps. Response
here means simply the magnitude of the vertical signal
that corresponds to a change in s induced by a small ac
field. The response is normalized to unity at 1000 cps.
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The curves are qualitatively similar to those obtained
from measurements on surface conductivity.!” Analysis
of the present results by the method used by Kingston
and McWhorter'” yields the wide spread of time con-
stants of the slow states indicated by the conductivity
measurements. The distribution of the time constants =
however does not vary as 1/7, but is intermediate be-
tween one that is independent of 7 and one that varies
as 1/7. It is interesting to note that this intermediate
distribution suggests a low-frequency noise spectrum
that varies approximately as 1/f' instead of the 1/f
dependence derived from the 1/7 distribution.

Besides influencing ¢, and s, ambients, electric fields
or dc bias can affect the diode current through changes
in channels, if such channels are formed. No appreciable
channel effects were observed in this work, possibly
because of the large distance between the p-» junction
and the ohmic contacts at the wafer periphery (Fig. 3).
In view of their importance, the effects of ambients on
¢, and s must be considered in work dealing with
ambient-induced changes in reverse -z junction charac-
teristics, which have been hitherto attributed exclusively
to channel formation.

At extremely strong fields (about 10 volts/cm) one
observes that the maximum of s is shifted (in terms
of E) and the shape of the pattern changes appreciably,
whereas, before this critical field is reached, an increase
in field strength simply increases by smooth extension
the part of the s vs ¢, curve that is being “modulated.”
In view of the particular significance of the maximum,
whose position in terms of E is determined by the
carrier capture cross sections and the charge in slow
states (Secs. 4 and 5 below), one concludes that the ac
field induces a net charge in the slow states thereby
shifting the “operating point’” on the s vs ¢ curve. The

RELATIVE RESPONSE

0.0l 0.1 I

10 100
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f—=(cps)

F16. 10. The response of surface recombination to an applied field as a function of frequency. The
vertical signal for given field is taken as unity at 1000 cps.

% J. J. Carasso and I. Stelzer, J. Chem. Soc., 3726 (1956).
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charging up of the slow states by the ac field can be
understood in view of the nonlinearity of the relation
between E, and ¢, (see Sec. 4 and also Fig. 11). The high
fields must shorten the lifetimes of the states, as indi-
cated from similar observations in conductivity meas-
urements,® since the effects are not observed at all
(instead of being smoothly reduced) at smaller fields
and at the same frequency.

4. SURFACE RECOMBINATION, SURFACE
POTENTIAL, AND EFFECTS OF
FAST STATES

The surface parameters involved in the present work
are the surface potential and the energy levels, distri-
bution, and cross sections of the surface states that
give rise to recombination. It is because of the direct
involvement of the properties of these states in the
experimental patterns that the present technique seems
to be very promising for their investigation. These are
called here ‘“fast” states because of their small time-
constants but are not to be a prior: identified with the
states involved in field effect®* and channel measure-
ments, 328

From the Hall?6 and Shockley-Read?” process, assum-
ing a discrete level for the surface states, the surface
recombination velocity is derived as¥—%!

_ (CoCu)AN (no+po) ‘ Cosh[que 1 (Cp ) ]

s —In{ —
2n; ET 2 \C,
E—~E; 1 /CA\N
+cosh[ ——-ln(—)]l , (3)
kT 2 \C,

where the symbols are defined as follows: C,=proba-
bility, per state per unit time, for hole capture at the
recombination centers (=cross sectionXthermal ve-
locity) ; C.=probability for electron capture; N,=den-
sity of states (per unit surface area) that give rise to
surface recombination; 7o, po=bulk carrier densities;
and 7n;={ree carrier density for intrinsic material.
Curve 4 of Fig. 2 is a single-level curve as given by
(3) with (E,—E,)/kT=38, C,/C.=1. We note briefly
that the curves are symmetric about the maximum of s,
which occurs at
q¢s/kT=7% In(C,/C.), )

and the values of ¢; at the 3 maximum points of s are
given by
q¢s=Et—E‘h

q¢s= _— (Et—Ez)+kT ln(Cp/Cn),
in the approximation
cosh[(E;—Ei)/kT—% ln(Cp/Cn)]Z 2.

The total width of the curve at 3 maximum s is, in this

©®)

2 R. H. Kingston, Phys. Rev. 98, 1766 (1955).
26 R. N. Hall, Phys. Rev. 83, 228 (1951); 87, 387 (1952).
27 W. Shockley and W. T. Read, Phys. Rev. 87, 835 (1952).
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Fic. 11. Surface charge (or electric field) vs surface potential
for various values of bulk potential. The full curvesshow the
charge in the space-charge region alone. The dotted curves are
obtained by addition to Q. of charge in fast states of density
5X10/cm? located at 8%7 above mid-gap. The distortions due
to fast states are in this case small because of the low state density
and large distance from mid-gap.

approximation,
A(ge:)=2(E—E;)—kT In(C,/C.,). . (6)

If more than one energy level for the recombination
states is present, s will be given by a superposition of
curves of the type (5). Curve B of Fig. 2 results
from two levels with (Eu—E;)/kT=2, Cp/Cni=1,
(Ew—E;)/kT=12, Cps/Cr2=1, and s is given by the
sum of two terms of the type (5), assuming that the
two states act independently in the recombination
process. The two levels are assumed to be equally
effective for surface recombination. The presence of
multiple levels tends to make the s curves vary less
sharply with ¢,.

We note further that if the surface has a non-
uniform ¢, (“patchy surface”) or if the recombination
states are not localized in a plane of given ¢, but
distributed in distance from the surface, then again a
rounding effect on s would result. The similarity of the
effects of surface nonuniformity and a spread in the
energy levels is apparent from the more or less equiva-
lent way in which ¢, and surface state energies enter
expression (3).

At the extreme where there is a continuous set of
energy levels, distributed over the forbidden band, s can
be obtained by integration of the product of (3) and
the desired distribution function over this energy in-
terval. The meaning of IV, given above has to be changed
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from number of states per unit surface area to number
of states per unit area per unit energy. For a continuous
distribution with constant density of surface states
one has

(CyCR)AN (not+po) [Ev g¢s 1 Cp
s= f {cosh[ ——In(——)]
2n; Ee kT 2 Cn

Et_Ei 1 Cp -1
—l—coshl —- ln(——)] ‘» dE,. (7)
kT 2 Ca

It is assumed that the cross sections are constant
throughout the forbidden band. One of course can add
terms like (7), each with its own density, cross sections,
and distribution. More general forms of surface integrals
have been discussed by Garrett and Brattain.?!

The integral of (7) can be approximately evaluated
(see Appendix) to give, for 2|g¢s/kT—% In(C,/C,)|
<(E,—E,)/kT,

_ (CyCw)EN (ot po)

n;

qds 1 Cy
Xln{ 2 cosh[———-—-— ln(——)]—l-l I
RT 2 C, :

el @I o

The quantity s, as given by (8) for C,=Cn,, is plotted
in Fig. 2 (curve C). One notes that the position of the
maximum in a continuous distribution is identical with
that of a single level. The curve, however, is now much
narrower and the plateau region, characteristic of a
single level, is absent.

The additional relationships required for the inter-
pretation of the results are those connecting the surface
potential with the electric charge at the surface. This
charge is due either to the bending of the bands or is
externally induced. In our case, the combined effects of
both have to be considéred. Solution of the Poisson
equation in the space-charge region yields,? in the case
of no external field.

€ 3 bo— s )
Qse<°>=ﬂ:(—ka) [(q v )sinhg—i
T kT kT

§

by
2z

q¢s ¢b
+cosh—— coshq—— , (9
kT kT

where Q5@ is the charge per unit area in the space-
charge region and e the dielectric constant of the semi-
conductor. Qs is negative for n-type surfaces (posi-
tive ¢.). Note that Qs,=0, if ¢y=¢,, as expected when

( ZBSR) H. Kingston and S. F. Neﬁstadfer, J. Appl. ‘Ph}'rs. 26, 718
1955). ’
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the bands are flat up to the surface. The bracketed
part of (9) is designated as F(q¢s/kT, qpn/kT). This
function is plotted in Fig. 11. Qs per cm? for germanium
and silicon can be obtained by multiplying F by 4.6¢
X10° and 0.145¢X10°. These numerical factors apply
at room temperature. The values appropriate at other
temperatures can be derived from the 7" dependence of
the term that multiplies the bracket in (9). The field E,
at the surface edge of the space-charge region is given
by 47"Qsc/ €.

When an external field is applied, the total charge is

Qtot= Qse(0)+Qind; (10)

where Qina is the externally induced charge as deter-
mined by the measured condenser capacity and the
applied voltage. The new value of ¢, is given by (9)
with Qs replaced by Qyor from (10). In (10) it is assumed
that the charge in slow states does not have time to
change during the ac cycle.

In transforming the abscissa of the experimental
patterns from Qina to ¢, expressions (9) and (10) are
the appropriate ones to be used, along with the relations
developed below for determining the equilibrium value
of the surface potential. In (9) and (10) the effects of
slow states, applied fields, and the space-charge region
are taken into account. The fast states, whose charge
changes when ¢, is close to their level, have been so
far neglected. The effect of fast states can be explicitly
introduced in the theory by using for their charge an
expression of the form

N[l-l- ( q¢’+E"Ei)]_l (11)
y=— exp| — .
Qu=—aNy Irexp\ = =7

Their influence would result in some distortion of the
relations of Qs to ¢, when g¢, becomes comparable to
(E:—E;). The modifications of the curves introduced by
fast states with N;=5X10/cm? and (E;— E;)/kT=8
are shown by the dotted parts of the curves in Fig. 11.
One notes that the distortions are similar to those
introduced to the intrinsic curve by doping, but smaller
in magnitude. The charge given by (11) is to be added
to (9) and (10) above to yield the expression for Qgot.
A considerable amount of information on fast states
has been reported in the literature®*!%1 from con-
ductivity type measurements. There is no detailed
agreement among the various sources as to the energy,
distribution, and density of the states. The charge
change in fast states observed here is within the range
of those reported earlier, but on the lower magni-
tude side.

5. A NEW METHOD FOR DETERMINING THE
SURFACE POTENTIAL

The surface potential is a rather elusive quantity for
direct experimental determination. Its values have been
inferred from several types of measurements including
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(1) contact potential differences,!* (2) surface con- ,,

ductance in ambient cycles,?!'# (3) surface conductivity
in field-effect,'*% and channel measurements!®?> and
(4) changes in surface barrier height by low-2! and high-
intensity light signals.3® The agreement between these
sources has been so far only qualitative, which is not
surprising in view of the diversity in experimental
approach, and also of the several assumptions that are
necessarily involved, not to mention the ever-present
question of whether the surface treatments, handling,
etc. are identical in the different laboratories.

""JA new method will be outlined here for approximately
determining ¢, from measurements of surface recom-
bination velocity in terms of an applied field. One
utilizes the fact that the maximum of s, occurring at
gds=3kT In(C,/C.) [see (3) above], provides an abso-
lute reference point from which the equilibrium value
of ¢, can be evaluated. The total effect of the applied
field and the equilibrium surface field at s maximum is
such that the surface potential has the above value
[which is close to zero if %1n(C,/C,) is small]. The
equilibrium E, (from which the zero-field value of ¢, can
be evaluated) can be obtained from the value of
the applied field at that point. For small values of
3+ In(C,/C,), E; is closely equal and opposite to the
applied field at s maximum in the case of high-resistivity
samples if the dielectric constant of the outside medium
is equal to that of the semiconductor.

3
€
Qa(0)+Qinduc. at s max = (—ka)

™

X[(2q¢b— kT In(Cp/Cs)

inh (g¢/ T
Py )sm (gde/ k1)

H
+cosh[3 ln(C,,/C,.):l——cosh(q¢b/kT)] . (12

The equivalent field relations can be used if one
measures the field. In (12) the unknown quantities are
0:@ (or E,©®) and %In(C,/C.). Information on this
last can be obtained from the width and other features
(half-maximum points, etc.) of the experimental pat-
terns (see Sec. 6 below) but even if this term in the
bracketed part of (12) is completely neglected, only
negligible error will result since % In(C,/C,) will be
quite small despite the possibility of a large value for
the ratio C,/Ch.

The value of E, given by (12) can then be used to
evaluate the zero-field value of ¢, using (10) above.
Once this value of E; has been determined, the abscissa
of patterns such as those in Figs. 4-5 can be changed
from E to ¢,. The values of ¢, for all other values of
the applied field, can then be determined from Qina
and Q,©@. The above procedure can be understood most

2 S, R. Morrison, J. Phys. Chem. 57, 860 (1953).
® E. Q. Johnson, Bull. Am. Phys. Soc. Ser. II, 2, 66 (1957);
Phys. Rev. 111, 153 (1958).
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conveniently by use of Fig. 11. One reads the value of
the ordinate that corresponds to the value % In(C,/C.)
for the abscissa. Subtracting from this value of the
ordinate the value of Q applied at sm.x, One obtains
Q;@ (and E,®). The value of ¢, corresponding to E,©®
or 0, is the zero-field value of the surface potential.
To each value of Q of the s vs Q curves one adds Q,(®
and obtains Q. The corresponding value of ¢, is the
proper one that corresponds to the value of Q.

The effects of fast states are taken into account in
this scheme as follows: One adds to the ordinate in
Fig. 11 the charge given by (11). [The information
required in (11) is either approximated from the extent
(in terms of Q) of the distortion on s and consistency
considerations, as in the present work, or in general
has to be supplied more accurately by an independent
experiment. | One then obtains a modified curve of Qot
(or Eiot) vs ¢, which is used in the transformation of Q
to ¢, and determination of ¢, at zero-field in the manner
indicated above.

The requirement for application of this method is
that the maximum of s be observed. In semiconductor
surfaces this is always possible, at least in principle, by
use of strong fields. As indicated above for germanium
and silicon surfaces, this has been achieved with fields of
about 10° volts/cm.

6. INTERPRETATION OF RESULTS AND
DISCUSSION

The experimental patterns of s vs Q (or E) can be
transformed to those of s vs ¢, by use of (9), (10), and
(12) above modified by the addition of Qg to Qs to
form Qyor. Figure 12 shows the results obtained from
data on #-type germanium. One procedure that can be
followed in deriving the curves of s vs ¢, from the ob-
served patterns of s vs Qing Will be briefly outlined here:
A value is assumed for the ratio C,/C.. In the curves of
Fig. 11 (using the dotted-line portions to take into
account charge change in fast states) the value of Q at
gbs/kT=%In(C,/C,) is that of Qiot at Smax. Subtraction
of the induced Q at smax yields the equilibrium Q@ and
the corresponding ¢,¥. Addition of Q,” to Qina at each
point of the s vs Qina curves yields Q¢ at each point
and the corresponding ¢, is obtained from Fig. 11. If
the resulting curve is identical or close to a theoretical
one of s vs ¢, whose value of C,/C, is that assumed
above, then the energy level associated with this last
curve must be that of the recombination states. If a
different value for C,/C, is indicated, the procedure is
repeated until the theoretical curve and that derived
experimentally are in agreement.

The conspicuous difference in shape between the
curves of s vs Q and those of s vs ¢ (Fig. 12) stems from
the pronounced nonlinearity of the relation between ¢,
and the surface fields as can be seen from (9) above and
also Fig. 11. The curve compares well with those ex-
pected from theory involving single levels for the fast
states. From Fig. 12 one concludes that (E.—E,)
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F16. 12. Curves of s vs ¢, obtained from single patterns of s vs
applied field. The full curves are obtained by taking into account,
in the transformation of Q (or E) to ¢, the space charge alone.
The dotted parts are obtained by taking in addition into account
the charge change in fast states observed in the present work.

equals == (6 kT to 9 kT), and In(C,/C,)~0. The uncer-
tainty in the sign is removed by the observation of
small distortions of the type of Fig. 9 due to charge
change in fast states. Their occurrence at the inflection
point of the curves identifies them with the recombina-
tion states, as discussed in Sec. 3, and the fact that
they occur on the positive side of ¢, indicates that
(E—E;) is positive. Both the sign and magnitude of
the energies is in good agreement with the results of
Many et al.® Likewise the width of the 12-ohm-cm curve
is close to that reported, for corresponding resistivity,
by Brattain and Garrett.?!

Similar results with low-resistivity (0.1 ohm-cm)
p-type silicon yield levels at 0.4 or —0.4 ev from the
middle of the forbidden band. Because of smaller
sensitivity, the results in Si are not as accurate as those
in Ge. A level at —0.46 ev had been earlier indicated
from channel measurements!? in 7-type silicon.

In Fig. 12 the full curves are the ones one derives by
taking into account only space charge. One notes that
the difference with the dotted ones, where the charge
change in fast states is taken into account, is not large.
This is a result of the low density of the states (5X10%)
and their relatively large distance from mid-gap (6-9 2T
units).

The values of ¢, observed in Ge treated in CP4 and
similar etches lie between the extremes of £0.25 v. In
Si larger values in the range of £-0.5 v are observed.
Variations of ¢, over the Bardeen-Brattain cycle of
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ambients are within the above limits. These results are
in agreement with surface photovoltage measurements
made by Johnson in this laboratory.3

That no other distortions are presently observed
than those due to the recombination states does not
entirely remove the possibility of other charge changes
in fast states. Such changes would escape observation
if the states were continuously distributed or if the
surfaces were inhomogeneous. This last is illustrated by
the fact that the distortions of the type of Fig. 9 are not
observed in all our patterns. The distortion is not large
so that it could be obscured by surface or field in-
homogeneity. This may well be the reason that no such
discrete level distortions have been observed in the
comparable oscilloscope patterns of field-effect con-
ductivity modulation.?

The assignment of patterns of the type of Fig. 8 to
two-level recombination curves rather than charge
change in fast states is based on the extreme flatness of
the distortion. Such a pattern can be produced by the
superposition of two Shockley-Read type curves with
their broad maxima. Calculations show that the second
level in Fig. 8 must be located more than 11 27 units
trom mid-gap.

That the curves in Fig. 12 are approximately centered
about ¢,=0 indicates that C,~C,. Values of C,/C,
reported from other sources®!*?! are in the range of
9 to 150. The accuracy of the present work is such that
cross-section ratios at the order of 10 are not excluded.

The variation of the width of the curves of Fig. 12
with resistivity is not expected from levels with energies
independent of resistivity and located at a definite plane
(presumably the semiconductor-oxide interface). The
question arises as to the extent of contributions from
recombination centers in the space charge region to
what one measures as surface recombination velocity.
These contributions will vary with p because of the ap-
preciable dependence of the extent of the space-charge
region on resistivity. In a surface modulation experi-
ment, of course, one changes not simply ¢, but the en-
tire surface space-charge region.

Figure 13 shows the exact shape and extent of the
space-charge regions for ¢»=0, 3, and 5 corresponding
in Ge to intrinsic material, p=3 ohm-cm and p=0.5
ohm-cm, respectively. These curves are obtained by
numerical integration of the Poisson equation in the
space-charge region.?! From the appreciable difference
of the curves, contributions to s from recombination
states in the space-charge region would be more sig-
nificant in intrinsic than heavily doped material. From
Sec. 4 above the results of such contributions would be
a narrowing of the curves, since a distribution of levels
in distance within the semiconductor is more or less
equivalent to a spread of the levels across the band-gap.

The curves of s in Fig. 12 are in agreement with this
picture in that the purer samples exhibit a narrower

31 G, C. Dousmanis and R. C. Duncan, Jr., J. Appl. Phys. (to
be published).
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curve than the more heavily doped ones. If the differ-
ence in the three curves is to be solely attributed to this
cause, the contributions to s from the space-charge
region must be appreciable. In such a case the more
correct value of (E;— E;) for the interface states would
be that given by the width of the curve taken with the
more heavily doped samples. Additional work will be
required to establish the exact contribution to s from
traps in the space-charge region, as well as differences
in the curves arising from undetected charge changes in
any continuously distributed fast states, etc.

Besides the shape of the s vs ¢, curves, the energies
of the recombination states influence the absolute
value of s, and even more drastically because of the
hyperbolic relationship in (3) above. With (E,—E;)
=7 kT and $,.x~500 in 3-ohm-cm Ge, one derives a
value of 6X107® cm? for the effective cross section
(0p0.)% This is close to the value 2X10-1% derived
recently from high-frequency field-effect conductivity
measurements.®

The reasonable agreement of the experiment with
theory (Fig. 12 and curve 4, Fig. 2), as far as the shape
of the curves is concerned, confirms the Hall and
Shockley-Read mechanism for the recombination process
as applied in this case to the surface. No attempt will
be made here to identify the recombination centers as
foreign or impurity atoms, or as structural imperfections
at the semiconductor-oxide interface.

7. CONCLUSION

The effects of electric fields on surface recombination
provide a convenient means of examining the type of
semiconductor surface one obtains with a given chemical
or other treatment. The effects of ambients and the

03 0.4 0,5 06 0.7
X
L

extent of stability of surface potential and recombina-
tion velocity can also be examined. The behavior of s
with field and ambient yields direct quantitative infor-
mation on the energy levels and carrier capture cross
sections of the surface states that give rise to surface
recombination. Observation of a maximum of s in
terms of an applied field yields a reference point from
which the zero-field value of the surface potential is
determined.

The results so far indicate that information on
aspects of the surface such as surface recombination
states as well as charge change in fast states, the slow
states and their time-constants, the potential barrier
height and the behavior of the space-charge region, can
be obtained from studies of surface recombination. This
surface parameter is here used in place of surface con-
ductivity that was earlier the main tool for semi-
conductor surface studies. A disadvantage of the surface
recombination method is its inability to detect some
charge changes in fast states such as those of continuous
distributions, for example, hence it is apt to over-
estimate ¢,. The surface conductivity technique, be-
cause of some reduction in mobility near the surface is
likely to underestimate ¢. It is gratifying to see that
despite these differences the conclusions from the two
approaches are in fair agreement.

The observation of variation of the surface recom-
bination curves with resistivity raises the question of
contributions to what is measured as surface recombina-
tion velocity from recombination states in the surface
space-charge region or, less likely, a direct dependence
of the interface state energies on impurity concentra-
tion. In addition to these the problem of surface
inhomogeneity seems to require further examination.
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APPENDIX. SURFACE RECOMBINATION INTEGRAL
FOR A UNIFORM DISTRIBUTION OF LEVELS

An approximate treatment is needed for the evalua-
tion of integral (7). By use of the contracted notation

A=[(C,C.)IN(no+ po)kT]/ 2,
u= (Et-Ez)/kT—% ln(Cp/Cn))
v=g¢s/kT—3% In(C,/C4),

(2 coshv+1)%e(Fe—Ea kT
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the integral takes the form

(Ec—E:)/RT —$In(Cp/Cn)

s=4 [coshau+coshv]-1du. (A-1)
(Eo—Eq)/kT =3 1n(Cp/Cn)

The interval is divided into the regions of #<0 and
#>0 and cosh# is replaced by (e*+¢*)/2. The smaller
of the two exponential terms is neglected in the appro-
priate region of #. The resulting forms of the type

f [e*+const -1dx

can be integrated directly. Thus one obtains

A
s= In
coshy [4 cosh?y+ e E—En kT4 cosho cosh[ (E,— E,)/kT—% In(C,/C.)]

The terms in coshv in the denominator can be neglected
by comparison with eFe—E2/kT Thys

s= In(2 coshv+1), (A-3)

coshv

which is formula (8) in the text. (A-2) and (A-3) are
most accurate at large values of ». For v=0, one obtains
from the approximate expression (A-3)

§=24 In3. (A-4)

To estimate the accuracy of the result, (A-4) will be
compared with a more exact answer that can be ob-
tained in this case. For =0, (A-1) can be immediately

]. (A-2)

integrated to give

u (Ee—E;)/kT —3% In(Cp/Cn)
s=A[tanh‘1(—)] .
27 J(Bo—E:)/ET —3 In(Cp/Cn)

Since E,—E; is much larger than k7, for reasonable
values of C,/C,, the limits of integration can be re-
placed by 4. Hence

s=24 at =0, (A-5)

Comparison of (A-5) with (A-4) shows that the
approximate formula at v=0 differs from the more
exact answer by the factor In3, or is accurate to within
109%,. This is the maximum error in (A-2), and (A-3),
since the approximation improves very rapidly as v
increases. As expected from the type of approximation
involved in their derivation, (A-2) and (A-3) over-
estimate the values of s.
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Fi1G. 4. Patterns of
Iy (or surface recom-
bination velocity) vs
applied field or in-
duced charge in 0.3-
ohm-cm n-type ger-
manium and relation
to surface type. The
horizontal and ver-
tical gains are difi-
erent in each case.
The frequency is 60
cps.
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F1c. 5. Patterns of Iy (or surface recombination) vs induced charge Q in 0.3- and 3-ohm-cm n-type germanium.



F16. 6. Patterns of I, (or s)
vs applied field £in 0.1-ohm-
cm p-type Si. The maximum
of 5 is here shown as a mini-
mum because of the reversed
polarity of I, with respect to
that of the other figures. For
comparison an horizontal
line is shown on the oscillo-
scope.
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F16. 7. An asymmetric pattern of Iy (or s) zs E obtained in
* . [ -
some cases with 12-ohm-cm n-type germanium.
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Fi16. 8. Iy (or s) vs E obtained with the sample of Fig. 7 in a wet
air atmosphere. This pattern is a continuation far to the left (or
n type) side of Fig. 7. The vertical gain is ten times that of Fig.
7. The additional structure here, and the asymmetry of Fig. 7,
show presence of a second energy level for the surface recombi-
nation states.
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Fi16. 9. A distortion in the pattern of s vs applied field attributed
to charge change in fast states of discrete energy. That it occurs
at the inflection point of the curve shows that the states are the
same with the ones responsible for surface recombination. Since it
occurs on the n-type (positive ¢,) side of the curve it indicates
that the levels are above rather than below mid-gap. From the
horizontal extent of the distortion one concludes that the charge
change involved is about 5¢X10/cm?.



