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In discussing charge-carrier recombination at a semiconductor surface it is natural to characterize the
recombination properties of the surface itself by a true surface-reflection coefficient which expresses the non-
recombination probability for an excess carrier in a single collision with the surface. It is also possible to
arrive at an effective surface-reflection coefficient from experimental data by ignoring any effects which
might be associated with the presence of a surface space-charge layer. The latter quantity is simply an ef-
fective value which involves effects contributed not only by the actual surface, but also by the space-charge
layer which is present in the neighborhood of the surface. For a sample with a given photoconductive re-
sponse, by equating expressions involving the reflectance calculated for a sample having the actual space-
charge layer and for one in which space-charge effects are ignored, one may arrive at a relation between the
true and effective surface-reflection coefficients. By this procedure one can define in an operational way an
effective surface recombination velocity. The combined effects of a space-charge layer and an actual physical
surface can then be studied as a function of the space-charge parameters and sample thickness. Results
relating true and effective recombination velocities are presented, using an ambipolar-transport formulation,
for both depletion-inversion and accumulation layers, Previously developed methods for relating true and
effective surface recombination velocities are reviewed and compared to the operational method used herein.
Certain advantages connected with the definition adopted here are pointed out. The calculations are based
upon known diffusion and mobility parameters for p-type silicon.
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I. INTRODUCTION

N the study of the surface properties of semicon-

conductors, the effect of surface recombination may
be described phenomenologically by solving the trans-
port equations for excess carriers and introducing a
surface-boundary condition containing a parameter
known as the surface recombination velocity.! For a
given sample and a given set of surface conditions this
parameter is ordinarily regarded as a constant. If one
defines the surface recombination velocity s as the
ratio of the flux of excess carriers into the surface to the
excess carrier concentration at the surface, then the
surface recombination velocity may be related to the
true reflection coefficient of the surface R, which ex-
presses the probability that excess carriers escape re-
combination in each of their encounters with the
actual surface of the sample, by

S=%(-}(1'“-Ra)/(1+Rs) ) (1)

where ¢= (8kT/mm*)1/2 is the mean thermal velocity.?-
This definition of s is independent of the existence of
any space-charge layer at the surface.

The behavior of excess carrier distributions in semi-
conductor crystals is most-easily studied by observing
the photoconductivity which arises when they are
present, The magnitude of the observed photoconduc-
tive response will be affected both by the bulk excess-
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carrier recombination rate and by excess-carrier re-
combination which takes place at the surface. Surface
recombination is associated with the trapping of elec-
trons and holes in surface states, and in a given sample
is essentially independent of the bulk-recombination
rate.

In discussing the results of actual dc photoconduc-
tivity measurements, a reflection coefficient may be
calculated very simply by ignoring altogether any
effects associated with the presence of a surface space-
charge layer and simply assuming the conduction and
valence-band edges are constant and undistorted up to
the physical surface of the sample. It is clear that such
a reflection coefficient is not the true surface reflectance
R,, but only an effective value which we may con-
veniently designate as R,*. The value of R/* will
obviously depend not only upon the actual reflectance
of the physical surface, but also upon the properties
of the space-charge layer intervening between the
actual surface and the field-free interior of the crystal.
In order to determine the relationship between R,
and the effective value R,*, which after all, is what is
ordinarily derived from experimental data, it is neces-
sary to undertake a detailed analysis of how the pres-
ence of the space-charge layer hinders or facilitates the
recombination of excess charge carriers at the surface.
It is the purpose of this article, in part, to undertake
such an analysis. It will become apparent in the course
of these investigations that R, and R,* may in some
cases differ by many orders of magnitude.

In cases where it is necessary to determine R, rather
than R,*, it is essential to know when the effect of the
space-charge layer will be significant. If the photo-
conductance is known, it is possible to solve for both
R, and R,* and compare the two values for given values
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of the surface parameters and the parameters of the
space-charge region. Since the flux-transport equations
which arise are in general linear differential equations
with nonconstant coefficients, it is usually necessary to
resort to approximate or numerical methods of solution.

In this article the calculational methods for solving
the flux equations®=? in the presence of an accumulation
or depletion-inversion layer are outlined. Specific cal-
culations are presented for an inversion layer in p-type
silicon. These results may be obtained by numerical
integration, which is best performed with the aid of an
electronic computer. The development of the general
methods used herein for obtaining solutions to the
flux-transport equations in specific situations is dis-
cussed elsewhere.®

II. DISCUSSION OF SURFACE PARAMETERS

Several authors have examined the problem of relat-
ing the surface recombination velocity to the true bulk
lifetime and the observed photoconductive ‘“filament
lifetime” of a given sample.!7 In these investigations,
the surface recombination velocity can be determined
by the numerical solution of a transcendental equation.
The effect of the surface space-charge layer is neglected
throughout in these calculations; when a space-charge
is present these methods yield an effective value s* for
the surface recombination velocity, which is related
to the effective surface reflectivity R,* by an equation
having precisely the form of (1).

It is generally believed that the Shockely-Read
trapping theory® is valid for surface recombination
phenomena in covalent and III-V semiconductors.”»
Moreover, instead of attempting directly to solve the
continuity equations for holes and electrons along with
Poisson’s equations, it has been customary to use the
quasiequilibrium approximation.l® In this approxima-
tion the added carriers at the surface are assumed to
be in equilibrium with those in the bulk interior of the
crystal, and bulk recombination within the space-
charge layer is neglected, so that the carrier fluxes in
this region can be taken to be constant. In this way a
relation between an effective surface recombination
velocity and the height of the surface potential barrier
is obtained. This relation has been studied experiment-
ally by combined field effect and filament lifetime
measurements, and is found under certain conditions
to be in good agreement with experiment.!! The

4J. P. McKelvey, T. P. Brody, and R. L. Longini, Phys. Rev.
123; 51 (1961).

) ;615) P. McKelvey and J. C. Balogh, Phys. Rev. 137, A1555
“ E. F. Pulver and J. P. McKelvey, Phys. Rev. 149, 617 (1966).
I;SIS)) T. Stevenson and R. J. Keyes, J. Appl. Phys. 26, 190
( SW. Shockley and W. T. Read, Phys. Rev. 87, 835 (1952).
135\73‘/) H. Brattain and J. Bardeen, Bell System Tech. J. 32, 1
4% D. T. Stevenson and R. J. Keyes, Physica 20, 1141 (1954).

11 A, Many, E. Harnik, and Y. Margoninski, Semiconductor

Surface Physics (University of Pennsylvania Press, Philadelphia,
1957), p. 85.
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effective surface recombination velocity serr derived
from these considerations is related to s by

Seff= se(#’B"lPa)lkT’ (2)

where ¢p and ¢, represent the values of the electro-
static potential in the bulk and at the surface, respec-
tively.!? Several recent investigations have considered
the range of application of the quasi-equilibrium ap-
proximation!® and the general question of the validity
of serr, as defined above, as a meaningful surface
parameter.’4~1% The conclusion is that a relatively
simple calculation, using either flux methods3—5 or
continuity equations,'” and again neglecting bulk re-
combination within the surface space-charge layer,
suffices to show that a correction factor to ses as given
by (2) is necessary. In this calculation the ratio of
reflected to incident flux from the surface and a space-
charge layer of extent ¢ is calculated, where § is a cutoff
length which must be defined in some arbitrary way.
For this purpose it is assumed that at a distance greater
than § from the surface the effect of the space-charge
field can be neglected in the transport equations.

The effective surface recombination velocity obtained
in this way, without the quasiequilibrium assumption,
will be denoted here by st. At this point one should be
careful to note the distinction between st and the
previously defined quantity s*, and certain short-
comings arising in connection with the effective re-
combination velocity st should be pointed out. The
quantity s* is defined in an operational way, as arising
from an experimental determination of photoconduct-
ance, and can therefore be calculated directly from ex-
perimental measurements, while st is a mathematical
construct restricted in application to samples wherein
the extent of the space-charge layer is negligible com-
pared to the total sample thickness. The parameter st
has another disadvantage, arising from the fact that
the extent of the space-charge layer must be defined in
terms of an arbitrary cutoff distance. Since the thickness
of the space-charge layer can be expressed only through
this arbitrarily chosen cutoff length, the definition of s}
is likewise ambiguous and imprecise. For these reasons
the quantity s* is to be preferred as a representation of
the effective surface recombination velocity, and it is
therefore used herein as a reference parameter in de-
veloping the results to be discussed below. It should be
noted that s*, as well as s¥, is defined without resorting
to the quasiequilibrium approximation.

( 125% H. Kingston and S. F. Neustadter, J. Appl. Phys. 26, 718
1955).
13D, R. Frankl, Surface Sci. 3, 101 (1965).

141, G. Bir, Fiz. Tver. Tela 1, 67 (1959) [English transl.:
Soviet Phys.—Solid State 1, 62 (1962)].

15V, A. Petrusevich, O. V. Sorokin, and V. I. Kniglov, Fiz.
Tver. Tela 3, 2023 (1961) [English transl.: Soviet Phys.—Solid
State 3, 1470 (1962)7].

16V, A. Petrusevich and O. V. Sorokin, Surface Properties o
Semiconductors (Consultants Bureau, New York, 1964), p. 115.

17 W. van Roosbroeck, Phys. Rev. 91, 282 (1953).
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III. AMBIPOLAR FLUX-TRANSPORT THEORY
FOR NONEXTRINSIC SURFACE REGIONS

The flux-transport equations for holes and electrons
in a one-dimensional steady-state situation can be
written® in the form

(drn/dz) = —kn(rn—bn) —wirs+hE(r+0)+3¢, (3)
(dh/dx)= —ka(ra—In)Fwrh+RE(r+h)—3g, (4)
(dro/dx)= —ko(re—1lo)—were—hE(r+1)+38, (5)
(@l./dx)=—kre—1)Fwde—hE(re+1)—3%g, (6)

where 7 and / represent the fluxes to the right and left,
k and w represent the backscattering and recombina-
tion probabilities per unit distance along the x direc-
tion, g is the bulk generation rate for electron-hole
pairs, and s=¢/(2kT). The subscripts % and e refer to
holes and electrons, respectively. In the thermal-
equilibrium state

7h0—lho="7e0—le0=0, @)
while, as a consequence of Maxwell-Boltzmann statistics,

$poen="rnottho,
%ﬂoée= 7'450'*‘ leO ) (8)

where the zero subscript refers to the thermal-equi-
librium condition, po and %, are the equilibrium hole
and electron concentrations, respectively, and where
Ch,o= (8T /mm4 o*)'/? is the mean thermal speed. In
addition it may be shown? that

Be=3/4\s,  Fn=3/4\, (9)

We= 2/637'5 ) Wp= Z/éhTh 3 (10)

where A, A, are the scattering mean free paths for elec-
trons and holes, respectively, and where 7., 73 are the
mean electron and hole lifetimes, respectively.

Under nonequilibrium conditions it is convenient to
represent the fluxes and the electric field by

r=ro+Ar,
l= lo+Al,
E=Ey+AE,

(11)

where rq, ly, and E, are the thermal equilibrium values
of the respective quantities. It is also useful, in this
situation, to write the bulk generation rate as

g(x)=gotg'(x), (12)

where go is the bulk generation rate at thermal equi-
librium and g’(x) is the generation rate due to illumina-
tion or to any other exciting influence. Upon substitut-
ing Egs. (7), (8), and (11) into Egs. (3)-(6), neglecting
second-order terms, one may obtain for the nef electron
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and hole fluxes
1 d(An+AL)  2hE,
Ary— A= } (Ar+-AL)
2ky+ws, dx 2kxtws
hAEE
1)
2krtwn
1 d(AretAl)  2hE,
Are—Al= (Ar+-AlL)
2k et we dx 2ketw,
hAEémo
- . (19)
2ketwe

Now since there can be no net current normal to the
surface, which is assumed to be normal to the x direc-
tion, we must have

Ar;.—Al;.=Ar.,-Al,. (15)

In addition, in the general nonequilibrium situation,
provided that the distribution function is not vastly
disturbed from what it is in the equilibrium state, it is
easily shown?!® that the fluxes 7 and J;, can be written
as

rn=1Cnp(—3M)+3uEp (x) (16)
and

h=1enp(x+3M) —FunEp (%) .

The first term on the right-hand side of these expressions
can be understood as the usual Maxwellian gross flux
$En/4 resulting from the integration of the flux contribu-
tion from individual particles over all positive (or
negative) velocities, with the added proviso that since
the fluxes reaching the point x originated in collisions -
which took place, on the average, a distance of the
order of the mean free path to the left or to the right
of that point, the concentrations which are relevent in
the Maxwellian flux formula are associated with points
approximately a mean free path (3\s, to be exact) away.
Under these circumstances, expanding these terms in
Taylor’s expansions about the point x and neglecting
all but the first two terms (an approximation which is
justified provided that the fractional variation of con-
centration over a mean free path is small), and adding
the two resulting equations, one may obtain

7+l =5pCh. @17)

Using (11) and (8) to eliminate the equilibrium con-
centrations and fluxes, it is then obvious that

Ary+Al= %C}.A? . (18)
Similar considerations lead to the expression
Ar +Al=1c.An (19)

18 J. P. McKelvey and R. L. Longini, Phys. Rev. 99, 1227

(1955).
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Fic. 1. Cross-sectional diagram of a one-dimensional plane-
parallel sample, showing variation of energy-band edges near
surfaces, and illustrating assumed conditions of illumination.

for electrons.!® If one now makes the assumption that
the quasineutrality condition’” An=Ap is satisfied,
Egs. (18) and (19) yield the expression

ée(Af},'{-Al}.) = 5},(Are+ Ale) )

which relates the gross electron and hole fluxes.
One may now eliminate AE between Egs. (13) and
(14) whereby

(20)

d(Ary+Al +pod*
___h._.__h)= — (Zkh—{—wh)(M—)(Arh-— Aly)
dx 7o+ po
B P aran), (1)
#no+po
where [recalling (10)]
Cnf2kotwe
b*=ﬁ<_____iv_) , (22)
Co \2kptwn

while from (3) and (4) one may easily show with the aid
of (11) that

d (Ar ) Sl Alh)

=g'—w;/(Ar+AlL) ,
dx

(23)

where w./ and w,’ are excess carrier-recombination
probabilities defined by

wy! (Ary+Al) = wi(ri+1) — wro(rro+Tho)
and
we’ (Afe‘l' Ale) = we("e"‘ le) - weo(f'w'l- leo) .

In these equations wye and weo refer to the values of
w;, and w, in the equilibrium state of the system, when
Ap=An=0. In a situation where w, and w;, may be
functions of Ap, these expressions define excess carrier-

19 Tf the two equations resulting from Taylor’s expansion of (16)
are subtracted rather than added, then the usual expression for
the net flux 75— as a sum of a diffusion contribution proportional
to 8p/dx and a drift contribution usEp is obtained. The diffusion
coefficient is clearly seen to be A;¢1/3, a result which can be derived
independently from the Boltzmann transport equation. This ob-
observation may be regarded as a proof of the correctness of the
choice 2),/3 as the average source distance for fluxes arriving at
point x.
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recombination probabilities in much the same way in
which the equation

Ap P P n Mo

T Th Tho Te Te0

defines an excess carrier lifetime 7 in the conventional
continuity equation formulation. It may easily be
shown, using (10) and (17), that the relation

wi(rnt ) =we(ret+1le)

follows from the requirement that the total electron
and hole recombination rates »/7. and p/7; be equal.
Also, using the above relation and (20) to express elec-
tron fluxes in terms of hole fluxes in the second equation
of the set (24), it is easy to show that

eow, =Crwy’ .

In general we shall confine ourselves to the discussion of
systems wherein w, and w,’ are independent of Ap,
corresponding to the low-level injection case wherein
the excess carrier lifetime is independent of Ap. The
equilibrium electric field E, is obtained from Poisson’s
equation, which may be written in the form

dEqy 4me
—=—(Ng—No+no—p0),
dx «

(25)

where N4 and N, are the concentrations of donor and
acceptor impurities (assumed herein to be completely
ionized), and where « is the dielectric constant.

Equations (21) and (23) may be used to discuss the
transport of excess carriers by the flux method where
ambipolar diffusion and drift effects are important, in
much the same way in which the ambipolar transport
equations of van Roosbroeck,” derived with reference
to continuity equations for electron and hole density,
are used. They form the basis for the calculations which
are outlined in the next section. In this connection, it
should be noted that although only hole fluxes are dis-
cussed explicitly, the electron fluxes Ar,+Al, and
Ar.—Al, can be obtained by use of (15) and (20);
indeed these relations can easily be utilized to convert
(21) and (23) to differential equations for electron
fluxes. Also, it is clear that the excess carrier concentra-
tions Ap and Az can be obtained from the fluxes by
(18) and (19), provided that the excess carrier distribu-
tion is approximately Maxwellian.

IV. CALCULATIONS RELATING s AND s* IN THE
PRESENCE OF A SURFACE SPACE-
CHARGE LAYER

If a semiconductor sample having the form of a
parallel-sided slab which is infinite in the y and 2
directions is illuminated as shown in Fig. 1, the change
in - steady-state - conductivity Ae¢ due to illumination
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will be
(26)

e a a
Aa=——l:/.¢hf Apdx-}-uef Andx] ,
2d —d —d

where 2d is the sample thickness, u. and u; are electron
and hole drift mobilities, and where Ap and Az are the
steady-state excess hole and electron densities arising
from photoexcitation. Assuming complete symmetry of
the sample about the central plane, and assuming that
the quasineutrality condition is satisfied, whereby
Ap=An, Eq. (26) may be written in the form

d
Aa=£(ue+uh> / Apds. (27)
[¢]

Expressing the boundary condition for excess holes at
the surface as
(Al) a=Ran(Ar2) 4, (28)

where R is the surface reflection coefficient for excess
holes, and where the d subscript refers to quantities
evaluated at x=d, one may write the net excess hole
flux at the surface

(A?’;f" Alh)d= (Afh)d-Rsh(Arh)d= (1 —Rsh) (Arh)d N (29)
On the other hand, from (18) and (28), it is clear that

2 2
(Ap)a=—(An+Al)a=—(1+Ra)(Ari)a.  (30)
Ch Ch

Solving for (Ar3)s in (30) and substituting into (29),
one may obtain finally

(A?) an 1—Rgn

(Arh—Alh)d= =Sh(AP)d (31)
1+Ra
with
ér1—Ra
=2 . (32)
2 14 R

A similar calculation for excess electrons will yield an
analogous set of equations, wherein the subscript % is
replaced by e. Comparing the two results, noting that
(Ap)a= (An)q, and recalling (15), one may obtain the
(rather obvious) result

(33)

It is not quite so obvious, but nevertheless a necessary
consequence of these results, that the excess electron
and hole reflection coefficients are not equal, but are
instead related by

Sp=S5e=S.

l_Rse éh 1_latsh me* 1/2 1_Rsh

14+R., & 14Re 14+Ra

In the sample geometry shown in Fig. 1, the sym-
metry of the sample requires that

(Afh— Alh) 2=0" 0.

m;.*

(35)

AMBIPOLAR CARRIER TRANSPORT

783

Under these circumstances, with the aid of (18) and
(10), Eq. (23) may be integrated from x=0 to x=d,
the result being

d
/ Apdx=1G—1(Ary— Al)q, (36)
0

where

G= /0 ¢y,

Assuming that G is independent of the surface model,
and that 7 is constant throughout the sample, it is
evident from this equation and from (27) that equating
the net surface flux obtained by solving the flux equa-
tions for a model in which the energy bands are con-
stant throughout the sample to the net surface flux
obtained from a similar calculation in which the effect
of a surface space-charge layer is explicitly taken into
account is equivalent to equating the change in dc
photoconductance obtained from both models. This
enables one to relate the effective surface recombination
velocity s* to the true surface recombination velocity
s, and, in effect, to relate the true surface reflection
coefficients Ry, and Ree to the effective values Rgn*
and R,.* which would be calculated from a dc photo-
conductivity experiment.

Solving Egs. (21) and (23) for the constant-energy-
band case with uniform generation within the bulk
(wherein Eo=0, and 7, po, and g’ are constant) one
may obtain® for the surface flux of holes

(g's*/wy) sinhg*d
(Arh—Alh)d= ; 1 R ) (37)
N (g*s*/wy') coshg*d+3%¢; sinhg*d
where
1o+ pob™*\ 71/
g*= [w;.’(Zkh—l-w;.)(-———):I . (38)
no+po

It should be observed here that ¢* plays the role of an
ambipolar inverse diffusion length. When ng>po (ex-
trinsic #-type material) ¢* approaches the wvalue
2krwi+wp?, which is expected in the absence of am-
bipolar diffusive and drift effects.* When po>no
(extrinsic p-type material) the value of this parameter
approaches [ by virtue of (22) and (10)] 2k.w.+w.? the
corresponding previously obtained value for electrons
in a nonambipolar environment. In the case of perfectly
intrinsic material (o= po=1.), ¢* is given by
g*=(1/V2)@wr' Qkn+wn)+w (2k+w.)) 2. (39)
In the usual scattering-dominated diffusion situation,
where k>>ws, ko>w,, which is the situation discussed
by van Roosbroeck, it is easily demonstrated that

20 The calculation is much simpler if one observes from the
outset that on account of sample symmetry, Ary+Al(=2Ap/¢1)
must be an even function of x. This allows one to eliminate terms
containing sinhg*x from the solution at the beginning.
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Fi1c. 2. The ratio s/s* plotted as a function of s* for surface
depletion layers in a sample of p-type silicon with typical material
parameters at room temperature.

(38) reduces to the expected value (D*r)~1/2, where
D* is vanRoosbroeck’s ambipolar diffusion coefficient.20*

In order to obtain the surface flux in the presence of a
surface space-charge layer, Egs. (21), (23), and (25)
must be solved simultaneously. If the excess carrier
density is everywhere small compared to the equi-
librium majority carrier density, then (25) can be solved
for E, and the value so obtained may be used in (21)
and (23) to calculate the required fluxes and thus the
required concentrations. With the aid of Egs. (37)
and (31) one may then obtain a relation between s and
s*. A first integral of Eq. (25) for a finite symmetric
sample is discussed in the Appendix.

V. CALCULATED RESULTS FOR »-TYPE SILICON

In this section we shall present the results of numerical
calculations?! relating the real and effective values of
surface recombination velocity, calculated as described
previously, with parameters chosen to represent ac-
cumulation, depletion, and inversion layers in p-type
silicon. The fixed parameters were assigned the values:
kp=4.50X10% cm™, k,=1.60X10% cm™, 7=123X10"%
sec, b*= 0.2734 LD 3.54X10~% cm, wup=epp/kT
=—8., m;.*=0.44mo, me*=0.26m,, T= 300°K. Here

%8 Note added in proof. If, on the other hand, the situation is
not necessarily scattermg—donrunated it can be shown, by setting
the right-hand side of (38) equal to (D*r)712, substxtutmg then the
value of b* from (22) and using the relations ¢.w, =ChWh, we' =2/C,r,
and wy'=2/¢yr to simplify the resulting expression, that

* (no+P0)Deth1'
noDet+poDat

where Dy =3ci/(2kx+ws) and D.f=3c./(k.+w,). This is a
generalized expression for the ambipolar diffusion coefficient, which
is applicable to situations where &, and %, may not necessarily be
much larger than w, and wy. The expression has the same form
as that derived previously by van Roosbroeck!” except that the
conventional diffusion coefficients D, and D are replaced by the
generalized diffusion coefficients D, and Dj obtained by Shockley?
which are applicable in situations other than the usual scattering-
dominated state of affairs.

21 These calculations were performed with the aid of the IBM
model 7074 digital computer at the Pennsylvania State Computa-
tion Center.
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F16. 3. The ratio s/s* plotted as a function of s* for surface
inversion layers in a sample of p-type silicon with typical material
parameters at room temperature.

op refers to the electrostatic potential far from the sur-
face, and Lp refers to the Debye length, defined as

Lp=(xkT/8mwe*n;)2. (40)

The calculated values for the ratio s/s* are shown in
Fig. 2 for a depletion layer and in Fig. 3 for an inversion
layer, plotted as a function of s* for several different
values of the surface-potential parameter #,=e¢,/kT,
wherein ¢, represents the electrostatic potential at
the surface. Under these circumstances, the effective
reflection coefficients are less than the true reflection
coefficients for depletion and weak inversion conditions,
since the minority carriers (electrons) are trapped in
the surface layer because of the reduction in surface
potential energy relative to the bulk value, and hence
fewer are reflected back to the bulk than in the absence
of a space-charge layer. For strong inversion layers,
the minority carriers in the surface region are holes
which are repelled from the surface by the potential
barrier, and under these conditions the effective reflec-
tion coefficient increases, eventually becoming greater
than the true reflection coefficient in strong inversion
layers, as shown by Fig. 3. As shown by Fig. 4, the

J T T Ius".7. T T T T T T

\
2+ _Gi Y -
1o~ ™~ \

-4, | _R*=0

51 .
N 4 1

+—+- } t +—t P—rt t
102 5 10%2 5 10*2 5 1022 5 10°'2
s (Units Tp/2) —

Il
T
5 1

F1c. 4. The ratio of s/s* plotted as a function of s for surface
depletion layers in a sample of p-type silicon with typical material
parameters at room temperatures.
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Fic. 5. The ratio s/s* plotted as a function of s* for surface
accumulation layers in a sample of p-type silicon with typical
material parameters at room temperature.

effective reflection coefficient approaches zero in this
instance for a finite positive value of the true reflection
coefficient. For values of the true reflection coefficient
less than this, it is clear that s* exceeds one-half the
thermal velocity which, according to (32) or its analog
for electrons, implies a negative value for the effective
reflection coefficient. This situation arises as a result of
the way in which s* is defined; under these circum-
stances excess carriers are being removed from the bulk
in the actual sample faster than they could ever be
removed from a sample in which no surface potential
existed, even if s* were assigned the maximum possible
value of half the thermal velocity. The only physical
requirement is that the true reflection coefficient lie
between zero and unity, and this is clearly not violated.

For an accumulation layer, one would expect the
effect to be just the opposite, since under these condi-
tions there exists a potential barrier which, depending
upon its height, is more or less effective in preventing
the minority carriers from reaching the surface. That
this is indeed the case is illustrated by Figs. 5 and 6, in
which the dependence of s/s* upon s and s* is plotted for
several values of the surface-potential parameter u,
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Fic. 6. The ratio s/s* plotted as a function of s for surface
accumulation layers in a sample of p-type silicon with typical
material parameters at room temperature.
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which correspond to accumulation layer conditions. It is
clear in this case that s/s* is always greater than unity,
whereby the effective reflection coefficient is always
greater than the actual one. In this instance, even if the
actual reflection coefficient is zero, the effective reflec-
tion coefficient has a finite positive value which reflects
the degree to which the surface potential barrier is
effective in preventing minority carriers incident upon
it from ever reaching the true surface.

As the surface potential changes sign, an inversion
layer is formed, the effect of which is illustrated in
Fig. 7. The results shown there can be understood by
observing that the transport of carriers in the inversion
layer is governed primarily by the transport behavior
of the minority carrier (holes, in this example). The
minima in s/s* in Fig. 7 occur just before the point
where the surface potential changes sign. One would
expect these minima to occur when the right side of
Eq. (21) changes sign; actually it is clear that at the
inversion point (7= po=17;), the drift current term in
(21) is zero, and the first term in this expression has a
minimum value, so that the change in sign occurs not
far from this value of surface potential. Again, from
Eq. (21) one would expect the slope of the curves to be
steeper for positive values of #,, because then both
terms on the right-hand side of the equation have the
same sign, whereas in the depletion layer their signs
are opposite. This feature is clearly evident in Fig. 7.

In Figs. 2-7 the sample thickness was kept constant
at approximately 4.0X 1072 cm, while the extent of the
space-charge layer (as defined by the cutoff distance
|up—us| =1) is of the order of 4.0X10~* cm at each
surface. In these examples, therefore, about 209, of
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Fic. 7. The ratio s/s* plotted as a function of surface potential
for surface depletion and inversion conditions in a sample of
p-type silicon  with typical material parameters at room
temperature.
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Fi1c. 8. The ratio s/s* plotted as a function of sample thickness
for surface depletion layer conditions in samples of p-type silicon
with typical material parameters at room temperature.

the volume of the sample lies within the space-charge
region. The effect of varying the sample thickness is
illustrated, for the case of a depletion layer, in Fig. 8.
Here the surface-recombination velocity is assumed to
be sufficiently small that only the flat portion of the
curves in Figs. 2 and 3 need be considered. Since the
thickness of the space-charge regions is essentially
constant, as the thickness of the sample is increased,
the fraction of total sample volume belonging to those
regions decreases. Beyond a certain point, one is merely
adding bulk material to the sample and the effect of
the space-charge layer becomes independent of sample
thickness. This is clearly shown in Fig. 8, where for a
weak depletion region (|up—u,|<5) the curves begin
to level off for sample thicknesses greater than about
5X107% cm.

For thin samples, |#;—uo| is small for all values of
us, and indeed #o— u, in the limit where the sample
thickness approaches zero. Under these circumstances
one must naturally expect that s/s* approach unity for
all values of #,, as indeed, according to Fig. 8, it
does.

VI. DISCUSSION AND CONCLUSIONS

Because of the large number of parameters involved,
only sample calculations, based upon p-type silicon
samples of typical characteristics are presented in
this article. It would, of course, be desirable to extend
these results to embrace a wide range of materials and
sample parameters.

Results obtained by previous authors'®-!® have shown
that the calculations of an effective surface recombina-
tion velocity based upon the quasi-equilibrium approxi-
mation are ordinarily valid for the case of germanium.
For silicon, on the other hand, a more detailed investiga-
tion is necessary. In this instance, because of the long
Debye length and higher attainable surface potentials,
corrections to the effective surface recombination
velocity as defined by (3) are usually required. At
present only a limited amount of experimental work in
which the surface recombination velocity is determined
as a function of the surface potential appears to have
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been done for silicon.?? Results calculated herein, relat-
ing in detail real and suitably defined effective values
of surface recombination velocity, are in agreement
with physical expectation based upon the previously
established behavior of excess carrier distributions in
ambipolar transport situations. For samples thin in
comparison with the Debye length, the ratio s/s*
reduces to unity independent of the surface potential.

Further studies are needed to determine the effect of
the variation of bulk excess carrier lifetime within the
surface layer upon calculated results such as these. The
Shockley-Read theory® predicts a complex change in
bulk lifetime as a function of the position of conduction
and valence-band edges with respect to the equilibrium
Fermi energy and to certain trapping levels associated
with dislocations and certain types of impurity centers,
and therefore such a variation within the surface layer
is to be expected. In this study, this variation has been
neglected, the carrier lifetime being assumed constant
throughout the sample. Ordinarily, in thick samples,
the bulk recombination taking place within the thin
surface layer is negligible, while in very thin samples
s/s* is nearly unity in any case, so that the lifetime
within the surface layer is often not an extremely im-
portant factor. When it is, the present treatment may
be viewed as a first approximation toward taking it
into account, although the desirability of a more ac-
curate treatment which considers in detail the varia-
tion within the surface layer is not to be denied. In
addition, the variation of the ambipolar diffusion length
with equilibrium carrier concentration within the space-
charge layer has been neglected in the calculations pre-
sented herein. In the case of the inversion layer, for
example, this quantity is assumed to have the value
associated with the p-type bulk interior material up
to the inversion point, and the value associated with a
point at the surface throughout the surface layer be-
yond. In the case of germanium and silicon, where the
mobility ratio is not large, this does not lead to serious
errors, but for the ITI-V intermetallic semiconductors,
this could lead to erroneous results. The correction
for surface mobility discussed by Schrieffer?3:24 has been
shown? to be small for silicon samples of the type dis-
cussed herein, and has therefore been neglected.

Since the surface recombination velocity is not a
directly measurable quantity, one must be careful in
stating how this quantity is defined and calculated from
observable data. In this treatment, the surface boundary
conditions always involve true surface-reflection coef-
ficients, and the values of true and effective surface
recombination velocity are rigorously related thereto.
The effective surface recombination velocity is defined

( 2;’I;M Buck and F. S. McKim, J. Electrochem. Soc. 105, 709
1958).

28 J, R. Schrieffer, Phys. Rev. 97, 641 (1955).

24 J. R. Schrieffer, Semiconductor Surface Physics (The Univer-
sity of Pennsylvania Press, Philadelphia, 1957), p. 55.

25 R. F. Greene, D. R. Frankl, and J. Zemel, Phys. Rev. 118,
967 (1960).
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in a unique way, and when so defined is directly deriv-
able from experimental data in a fully operational way.
These considerations avoid certain ambiguities and
other difficulties which may arise in applying the usual
surface-boundary conditions to the conventional con-
tinuity-diffusion equations.

A knowledge of s/s* for a given space-charge con-
figuration is useful because, although s* can be cal-
culated from experimental photoconductance data, the
actual recombination velocity s remains undetermined
unless some model for added carrier transport within
the surface layer is adopted. In order to obtain mean-
ingful information about the true surface-reflection
coefficient from experimentsl data, the ratio s/s* ‘as
defined and calculated herein (or its equivalent) must
be known. This, in turn, requires a knowledge of the
surface potential which, however, can be obtained from
a simple independent-field-effect measurement.? In
those cases where the sest of (3) is not approximated by
s*,14-18 the methods of arriving at s/s* outlined herein
must then be applied in the determination of s.

APPENDIX

The electric field in the space-charge layer can be
calculated from (25). These calculations have been
outlined previously!? for a semi-infinite layer, but must
be recast here for the case of a sample of finite thickness
2d. The electric field is assumed to be symmetric about
the central plane (x=0). Under these circumstances,
(25) can be written in reduced form as

d?u/dx?= (1/Lp?)(sinhu—sinhug) , (A1)

where
Ng—N,
no=n; exple/kT),
po=niexp(—ee/kT)
u=eo/kT,

= 2n; sinhug ,

and where ¢ is the electrostatic potential. The potential
function is defined in such a way that the value ¢=0
is assigned to an electron with electrostatic potential
energy corresponding to the intrinsic Fermi energy.
Integrating Eq. (A1) from the center of the sample
toward the surface, and noting that du/dx=0 at x=0,

26 W. L. Brown, W. H. Brattain, C. G. B. Garrett, and H. C.
Montgomery, Semiconductor Surface Physics (The Umver51ty of
Pennsylvania Press, Philadelphia, 1957), p. 111
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TasLe 1. Choice of algebraic sign for F in Eq. (AS).
Type of surface Condition on
Impurity type layer us and uy  Sign of F
p type Depletion up <tho<ts +
inversion
(#8<0)
Accumulation us <o <uB -
n type Depletion us <uo<up -
inversion
(us>0)
Accumulation up <o <ths +
one may obtain
du 1 p* .
—_—=— (sinh#’ —sinhug)du’
dx L D2
= +—1[(uo—u) sinhup— coshuo+coshu], (A2)

D

where uo represents the value of the reduced potential
at the center of the sample, corresponding to x=0. The
electric field is, of course, given by

) deo ET du (A3)
%)= ——=———
dx e dx
If one defines a “reduced field” F as
du
F=Lp—, (A4)
dx

one may formally express the distance x from the center
of the sample to an arbitrary interior point, where the
reduced potential has the value #, by integrating (A2)

once more to obtain
v du’
Lo / i
w F(u')

This is an implicit relationship which allows one, in
principle, to determine the potential throughout the
sample as a function of x.

The sign of F in (AS) is determined by the 1mpur1ty
type and by the type of surface layer which is formed.
This determination is summarized in Table I for «
positive (the opposite sign applying in all cases when
x is negative).

(A5)

xXx=




