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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-reQection codEcient 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 eGective surface-reQection codBcient from experimental data by ignoring any eGects which
might be associated with the presence of a surface space-charge layer. The latter quantity is simply an ef-
fective value which involves eGects 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. reQectance calculated for a sample having the actual space-
charge layer and for one in which space-charge eGects are ignored, one may arrive at a relation between the
true and eGective surface-reRection coefBcients. By this procedure one can de6ne in an operational way an
eGective surface recombination velocity. The combined eGects 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
eGective surface recombination velocities are reviewed and compared to the operational method used herein.
Certain advantages connected with the de6nition adopted here are pointed out. The calculations are based
upon known diGusion and mobility parameters for p-type silicon.

I. DTTRODUCTION
' '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
de6nes the surface recombination velocity s as the
ratio of the Qux 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 reQection coefFicient of the surface E, 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= —,'c(1—R,)/(1+2,),
where c= (SkT/srrN*) 'tv 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 reQection coefFicient may be
calculated very simply by ignoring altogether any
CBects 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 reQection coefficient is not the true surface rcQectance
E„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 reQectance
of the physical surface, but also upon the properties
of the space-charge layer intervening between the
actual surface and the- Geld-free interior of the crystal.
In order to determine the relationship between R,
and the effective value E.,*, which after all, is what is
ordinarily derived from experimental data, it is neces-
sary Co 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 thc purpose of this article, in part, to undertake
such an analysis. It will become apparent in the course
of these investigations that E, and g,* may in some
cases di6er by many orders of magnitude.

In cases where it is necessary to determine E, rathei
than E,~, it is essential to know when the effect of the
space-charge layer will be signi6cant. If the photo-
conductance is known, it is possible to solve for both
E, 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 Qux-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 Qux 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
Qux-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 "6Iament
lifetime" of a given sample. "~ In these investigations,
the surface recombination velocity can be determined
by the numerical solution of a transcendental equation.
The eGect of the surface space-charge layer is neglected
throughout in these calculations, ' when a space-charge
is present these methods yield an epee/ise value s* for
the surface recombination velocity, which is related
to the effective surface reQectivity 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. 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 Quxes 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 eGect and Glament lifetime
measurements, and is found under certain condhtions
to be in good agreement with experiment. " The

4 J. P. McKelvey, T. P. Brody, and R. L. Longini, Phys. Rev.
123, 51 {1961).' J. P. McKelvey and J. C. Balogh, Phys. Rev. 137, A1555
(1965).
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~ D. T. Stevenson and R. J. Keyes, J. Appl. Phys. 26, 190

(1955).' W. Shockley and W. T. Read, Phys. Rev. 87, 835 (1952).
9 W. H. Brattain and J. Bardeen, Bell System Tech. J. 32, 1

(1953)."D.T. Stevenson and R. J. Keyes, Physica 20, 1141 (1954).
'A. Many, E. Harnik, and Y. Margoninski, Semicomflctor

Surface Physics {University of Pennsylvania Press, Philadelphia,
1957), p. 85.

eGective surface recombination velocity s,«derived
from these considerations is related to s by

(2)

where q~ and q, represent the values of the electro-
static potential in the bulk and at the surface, respec-
tively. '2 Several recent investigations have considered
the range of application of the quasi-equilibrium ap-
proximation" and the general question of the validity
of s ff as defined above, as a meaningful surface
parameter. " '" The conclusion is that a relatively
simple calculation, using either Qux methods' ' or
continuity equations, '~ and again neglecting bulk re-
combination within the surface space-charge layer,
suffices to show that a correction factor to s,gg as given
by (2) is necessary. In this calculation the ratio of
reQected to incident Qux from the surface and a space-
charge layer of extent 8 is calculated, where 8 is a cutoG
length which must be de6ned in some arbitrary way.
For this purpose it is assumed that at a distance greater
than 8 from the surface the effect of the space-charge
field can be neglected in the transport equations.

The eGective surface recombination velocity obtained
in this way, a@holt the quasiequilibrium assumption,
will be denoted here by st. At this point one should be
careful to note the distinction between s$ 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 delned 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 de6ned in
terms of an arbitrary cutoB distance. Since the thickness
of the space-charge layer can be expressed only through
this arbitrarily chosen cutoff length, the de6nition of st
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 st, is defmed without resorting
to the quasiequilibrium approximation.
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HL AMMPOLAR FLUX-TRANSPORT THEORY
FOR NOÃEXTMÃSIC SURFACE REGIONS

The Aux-transport equations for holes and electrons
in a one-dimensional steady-state situation can be
vrritten3 in the form

(«a/d*) = ki—(ra f )—u I—rI+kE(rI +la)+2g (3)

and hole Quxcs

d(d rg+LUg) 2kEO
(a,+el.)

dS 2k'+'Ng

hhEcg, po+, (13)
24+a

(dl„/d )=—k„( —f )+u f ihE( +1 )—-', g, (4)

(dr./dx) = —k,(r,—l.)—mere —kE(re+i.)+,'g, (5)-

(dl./dh) =—k.(r. l,)+w—,f. kE(r.+—f,) ;g, (—6)—

where r and l represent the Quxes to the right and left,
k and m represent the backscattering and recombina-
tion probaMities pcr unit distance along the x direc-
tion, g is the bulk generation rate for electron-hole
pairs, and k= e/(2k2'). The subscripts k and e refer to
holes and electrons, respectively. In the thermal-
equilibrium state

rk0 ~ho re0 ~eo 0 p (&)

while, as a consequence of Maxwell-Soltzmann statistics,

1 d(Ar.+hl.) 2hEO
ar,—af.=— — = (ar.+~1.)

2k,+w, dh 2k.+m,
hAEC, no

(14)
2ke+'Ne

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

d rg —iV),= l&,—Al, .
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 Quxes rI, and /I, can. be written
as

2 poc1e r ho+ 40 e

2+ace= re0+le0 e (8)

r.=xc~p(* s~.)+21"—Ep(~)

4= xcap(*+34)—spaEp(*) .
where the zero subscript refers to the thermal-equi-
librium condition, po and mo are the equilibrium hole
and electron concentrations, respectively, and where
ca=e( 8T,k/ msq, *)'~~ is the mean thermal speed, In
addition it may be sho~' that

k,=3/4X. , kg= 3/4XI„

we= 2/cere, %vs= 2/cgrle»

where X„)I, are the scattering mean free paths for elec-
trons and holes, respectively, and where 7„rI, are the
mean electron and hole lifetimes, respectively.

Under nonequlTibrium conditions it is convenient to
represent the Quxes and the electric 6eld by

The 6rst term on the right-hand side of these expressions
can be understood as the usual Maxwellian gross Qux

pcj,/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 cruxes reaching the point x originated in collisions
which took place, on the average, a distance of thc
order of the mean free path to the left or to the right
of that point, the concentrations which arc rclcvcnt ln
the Maxvrcllian Qux formula are associated with points
approximately a mean free ps, th (IXI„to be exact) away.
Under these circumstances, expanding these terms in
Taylor's expansions about thc point x and neglecting
all but the Qrst two terms (an approximation which is
justi6cd provided that the fractional variation of con-
centration over a mean free path is small), and adding
the two resulting equations, one may obtain

vrhcrc re, lo, and Eo are thc thermal equilibrium values
of the respective quantities. It is also useful, in this
situation, to write the bulk generation rate as

g(~) =go+g'(*)

where go is the bulk generation rate at thermal equi-
librium snd g (x) is the generation rate due to illumina-
tion or to any other exciting inhuence. Upon substitut-
ing Eqs. (7), (8), and (11) into Eqs. (3)-(6), neglecting
second;order terms, one may obtain for thc Net electron

Using (11) and (8) to eliminate the equilibrium con-
ccntratio118 and Quxcs, lt ls then obvloils that

(18)

Similar considerations lead to the expression

'fl J. P. McKclvcy and R. L. Longini, Phys. Rcv. 99, 1227
(1955).
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recombination probabilities in much the same way in
which the equation

7h 7 A6 &e ~eo

de6nes an excess carrier lifetime v in the conventional
continuity equation formulation. It may easily be
shown, using (10) and (17), that the relation

wa(ra+ la) =w.(r,+l,)
FIG. j,. 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 e1ectrons. "If one now makes the assumption that
the quasineutrality conditionrr hn=hP is satisfied,
Eqs. (18) and (19) yield the expression

follows from the requirement that the total electron
and hole recombination rates e/r. and p/ra be equal.
Also, using the above relation and (20) to express elec-
tron Quxes in terms of hole cruxes in the second equation
of tile sct (24), lt ls cRsy to sllow tlla't

c.(~r,+~l,)=c.(~r.+~l.), (20)

which relates the gross electron and hole cruxes.
One may now eliminate ~ between Eqs. (13) and

(14) whereby

d(Bra+ Ala) Iso+Pol= —(24+wa) (~ra—~la)
dx rao+Po

No Ps
+ 2kEo (ara+ala), (21)

rao+Po
where Lrecalling (10)j

cg f2ka+ w

c (2ka+waf

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

d(Era —Ala)
=g' wa'(-d

ra+�

—illa),
dx

where K,' and m~' are excess caIrier-recombination
probabilities de6ned by

wa'(hra+ ala) =wa(ra+ la) wao(rao—+lao)

w, '(ar, +hl.)=w, (r,+l,) w.o(r.o+—l.o)

In these equations mqo and m.o refer to the values of
mI, and m, in the equilibrium state of the system, when
Ap=AN=O. In R sltuatlon whcl'c w Rlld wa nlay bc
functions of hp, these expressions define excess carrier-

"H the two equations resulting from Taylor's expansion of (16)
are subtracted rather than added, then the usual expression for
the met Qux rI,

'—4 as a sum of a di6usion contribution proportional
to Bp/Bx and a drift contribution pI,Ep is obtained. The di8usion
coeKcient is clearly seen to be) gl, /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 2XJ,/3 as the average source distance for cruxes arriving at
point x.

In general we shall con6ne ourselves to the discussion of
systems wherein w, ' and wa' are independent of hp,
corresponding to the low-level injection case wherein
the excess carrier lifetime is independent of hp. The
equilibrium electric field Eo is obtained from Poisson s
equation, which may be written in the form

dE9 4'
(Xs—S.+rs o

—Po),
Gx IC

where Eq and E are the concentrations of donor and
acceptor impurities (assumed herein to be completely
ionized. ), and where s is the dielectric constant.

Equations (21) and (23) may be used to discuss the
transport of excess carriers by the Aux 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 cruxes are dis-
cussed explicitly, the electron fluxes Ar,+hl, and.

hr, 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
cruxes. Also, it is clear that the excess carrier concentra-
tlo11S Ap Rnd Ds CRI1 bc obtalIlcd fl'0111 tile Quxcs 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 seIQiconductoI' saIQple having the fol'IQ of a
parallel-sided slab which is inhnite in the y and s
directions is illuminated as shown in I'ig. 1, the change
in steady-state-conductivity 60 due to illumination
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will be
e

ho =—pI, hpdx+p
2d

Aux (26)

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

where 2d is the sample thickness, p,.and py, are electron
and hole drift mobilities, and where Ap and 644 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
hp= hn, Eq. (26) may be written in the form

e
do = (p.—+pg) d pdx.

0

(27)

Solving for (hry, )q in (30) and substituting into (29),
one may obtain 6nally

with

(Ap) pcs, 1—R.h
(farl, ala) a—= — ———sg(ap) g

2 1+RE,

cg 1 Ash
sa= ——

2 1+R,h

(31)

(32)

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

sg= sg:—s.

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

1 R„c4 1—R,h —m, *)'I' 1—R,q

1+R„c,1+R,~ m~*) 1+R,~

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

(~&a—~4).-o= 0 (35)

Expressing the boundary condition for excess holes at
the surface as

(Alp, ) g= R,h(hrI, ) g, (28)

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

(2 rq —LU4) q= (dr4) g
—R,h(dry) q= (1—R,h) (hr4) q. (29)

On the other hand, from (18) and (28), it is clear that

2 2
(&p)q= —(&r@+ &l@)q= —(1+Rsh)(&r4) q. (30)

where

hpdx= rG —r(Arg —Al4) g, (36)

G= g'(x)dx.

Assuming that 6 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 Qux obtained by solving the Qux 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 iri dc
photoconductance obtained from both models. This
enables one to relate the effective surface recombination
velocity s* to the true surface recoinbination velocity
s, and, in effect, to relate the true surface reQection
coefficients E..h and E.„to the effective values E.,h*

and E;„*which would be calculated from a dc photo-
conductivity experiment.

Solving Eqs. (21) and (23) for the constant —energy-
band case with uniform generation within the bulk
(wherein Eo——0, and 440, po, and g' are constant) one

may obtain" for the surface Qux of holes

(g's*/wy, ') sinhq*d
(ar. at,).=— , (37)

(q*s*/wg') c shoq*d+-', cg sinhq*d
where

(n,+p,V)-'I'
w& (2k&+w&)~( 44,+p, )

(38)

q;*= (1/V2)(w4'(2k4+wp)+w, '(2k.+w.))'". (39)

In the usual scattering-dominated diffusion situation,
where k&&M~, k,&&m„which is the situation discussed

by van Roosbroeck, '~ it is easily demonstrated that

"The calculation is much simpler if one observes from the
outset that on account of sample symmetry, Arz+61I, (=26p/Cz)
must be an even function of x. This allows one to eliminate terms
containing sinhq*x from the solution at the beginning.

It should be observed here that q* plays the role of an
ambipolar inverse diffusion length. When no»po (ex-
trinsic I-type material) q* approaches the value
24wy, +wq', which is expected in the absence of am-
bipolar diffusive and drift effects. 4 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 (so= po ——e;), q* is given by
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FIG. 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.

Fro. 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.

(38) reduces to the expected value (D*r) '~s, where
D* is van Roosbroeck's ambipolar diffusion coeKcient. ' '

In order to obtain the surface fIux in the presence of a
surface space-charge layer, Eqs. (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 Es 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 Eqs. (37)
and (31) one may then obtain a relation between s and
se. A arst integral of Eq. (25) for a Qnite symmetric
sample is discussed in the Appendix.

V. CALCULATED RESULTS FOR p-TYPE SILICON

In this section we shall present the results of numerical
calculations" relating the real and eGective 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 6xed parameters were assigned the values:
k@=4.50X10 cm k =1.60X105 cm T=123X10
sec, b*=0.2734, En=3.54X10 ' cm, In=eye/kT
= —8.0, mI,*=0.44me, m,~=0.26@&0, T=300 K. Here

' ' Note added in proof. If, on the other hand, the situation is
not necessarily scattering-dominated, it can be shown, by setting
the right-hand side of (38) equal to (D*~) '/~, substituting then the
value of b~ from (22) and using the relations cw, =esws, w, ' =2/B, r,
and mp, '=2/Czv to simplify the resulting expression, that

(no+po)D, tD ~

noD, t+poDat

where Ds =-',es/(2ks+ws) and D. =I&
s,e(/2k, +w). This is a

generalized expression for the ambipolar diffusion coeKcient, which
is applicable to situations where k, and kp, may not necessarily be
much larger than m, and mq. The expression has the same form
as that derived previously by van Roosbroeck'7 except that the
conventional diffusion coefficients D, and Dz are replaced by the
generalized diffusion coefBcients D, and Din, obtained by Shockley'
which are applicable in situations other than the usual scattering-
dominated state of affairs.

"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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q~ refers to the electrostatic potential far from the sur-
face, and I.& refers to the Debye length, defined as

In= (@AT/grmsrs )'Is

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 diBerent
values of the surface-potential parameter N, =eq, /kT,
wherein q, represents the electrostatic potential at
the surface. Under these circumstances, the effective
refIection coeflicients are less than the true refIection
coeKcients 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 eGective refIec-
tion coefdcient increases, eventually becoming greater
than the true refiection coefFicient in strong inversion
layers, as shown by Fig. 3. As shown by Fig. 4, the
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FrG. 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 reQection coeflicient approaches zero in this
instance for a 6nite positive value of the true reQection
coeS.cient. For values of the true reQection coeKcient
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
reQection coefficient. This situation arises as a result of
the way in which s* is dered; 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 reQection coeKcient 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 I,

which correspond to accumulation layer conditions. It is
clear in this case that s/s* is always greater than unity,
whereby the effective reQection coefficient is always
greater than the actual one. In this instance, even if the
actual reQection coefficient is zero, the effective reQec-
tion coe6.cient has a Gnite positive value which reQects
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 (tto ——po ——tt;), 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
Kq. (21) one would expect the slope of the curves to be
steeper for positive values of N„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 4.0)(10 ' cm, while the extent of the
space-charge layer (as deaned by the cutoff distance
~us —u,

~
=1) is of the order of 4.0X10 4 cm at each

surface. In these examples, therefore, about 20% of
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FIG. 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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FIG. 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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FIG. 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 su@ciently small that only the Qat 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 (~N~ —N,

~
(5) the curves begin

to level off for sample thicknesses greater than about
5X10—' cm.

For thin samples,
~
I,—uo~ is small for all values of

u„and indeed uo —+ 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 u„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

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 upori 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 III-V intermetallic semiconductors,
this could lead to erroneous results. The correction
for surface mobility discussed by Schrieffer"'4 has been
shown25 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 de6ned. and calculated from
observable data. In this treatment, the surface boundary
conditions always involve true surface-reQection coef-
6cients, and the values of true and effective surface
recombination velocity are rigorously related thereto.
The effective surface recombination velocity is dered

".T. , M. Buck and F. S. McKim, J. Electrochem. Soc. 105, 709
(1958)."J.R. SchrieGer, Phys. Rev. 97, 641 {j.955).

'4 J. R. SchrieGer, Semicondgctor SNrfuce Physics {The Univer-
sity of Pennsylvania Press, Philadelphia, 1957), p. 55."R.F. Greene, D. R. Frankl, and J. Zemel, Phys. Rev. 118,
967 (&960),
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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-di6usion 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-refiection
coefficient from experimental 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-Geld-eGect measurement. " In
those cases where the s,«of (3) is not approximated by
s~, '4 " the methods of arriving at s/s* outlined herein
must then be applied in the determination of s.

APPEN'DIX

To@LE I. Choice of algebraic sign for F in Eq. {A5).

Type of surface
Impurity type layer

Condition on
u, and up Sign of Ii

P type

|,'u&&O)

n type

(Ne) Ol

Depletion
inversion

AccumulatIon
Depletion

inversion

Accumulation

u~&up&u, +

u, &up &ug
us &up&up

ug &up &u,

one may obtain

du 1

dh Lg)2
(Slllhu —S1Ilhue) du

L(uo —u) sinhue —coshuo+coshuj, (A2)
Lg)

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

kT dQ
E(x)=-

dr e dx

dQ
P—L+

dS

The electric Geld in the space-charge layer can be
calculated from (25). These calculations have been
outlined previously'2 for a semi-infinite layer, but must
be recast here for the case of a sample of Gnite thickness IfIf one deGnes a "reduced field" Ii as
2d. The electric Geld is assumed ta be symmetric about
the central plane (x=O). Vnder these circumstances,
(25) can be written in reduced form as

(A3)

(A4)

where

d'u/dx'= (1/LgP) (sinhu —sinhue),

Eq—X =2e; sinhN~,

no u; exp——(eq/kT),

Po= u; exp( —ep/k T)
u= eq/kT,

(A1)

and where q is the electrostatic potential. The potential
function is deGned in such a way that the value p=o
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=O at x=O,

"W. L. Brown, W. H. Brattain, C. G. B. Garrett, and H. C.
Montgomery, Semiconductor Surface Physics (The University of
Pennsylvania Press, Philadelphia, 1957), p. 111.

" du'
g—LD

, F(u')
(AS)

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 (A5) is determined by the impurity

type and by the type of surface layer which is formed.
This determination is summarized in Table I for x
positive (the opposite sign applying in all cases when

x is negative).

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 u, by integrating (A2)
once more to obtain


