Electron-hole recomibination at the Si-SiQ, interface
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We have measured the surface recombination current J(n,,p,) at high quality thermally grown
S8i-8i0, interfaces as a function of the surface density of electrons and holes, n, and p,. We find
that the recombination is dominated by centers whose electron capture cross section is about 100

times greater than their hole capture cross section. Therefore, the maximum recombination
occurs when p, =~ 100n,. Recombination is minimized under extreme electron or hole
accumulation and is coincidentally the same in both cases: exp(gV /kT) X 10~ A/cm?.

The thermally grown Si-SiO, interface is perhaps the
dominant material system in modern electronics.' Numer-
ous techniques, such as high frequency® and quasistatic? ca-
pacitance-voltage (C-¥) methods, ac conductance,® and
deep level transient spectroscopy® (DLTS), have been de-
voted to the characterization of the electronic properties of
this interface. These generally measure majority-carrier
properties. Nevertheless, very little is known about minor-
ity-carrier properties such as electron-hole recombination.

In this letter we provide a measurement of J(n,,p, ), the
recombination current at the Si-SiO, interface as a function
of the surface concentration of electrons and holes, n, and p, .
We will find that J depends strongly on n,/p, and less
strongly on n,p_; therefore, it helps to regard these as the
independent variables, J(n,/p,,n.p,).

We have employed a new experimental method as out-
lined in Fig. 1. The inductively coupled apparatus is similar
to one which is used to make contactless® measurements of
the minority-carrier lifetime in silicon wafers. The bulk car-
rier density injected by the strobe lamp is at or near high level
injection n, ~p, . (The bulk injection levels can be calibrated
from the steady state response of the radio frequency bridge
to wafers of known resistivity or by use of a calibrated silicon
photodiode.) At high level injection, both positive and nega-
tive gate bias produce accumulation resulting in an enor-
mous simplification to the band bending problem.” It is then
an easy matter to accurately calculate both n_ and p, and
especially n,/p,, provided that a neutral starting point is
known. This was provided by a C-¥V measurement of the
flatband potential in the dark.

The only previous attempts®® to measure J have em-
ployed a gate controlled diode or transistor structure in low
level forward injection. The surface recombination then
peaks at a gate bias near the crossover between inversion and
depletion. In the vicinity of that crossover, the n,/p, ratio
varies rapidly and is a very sensitive function of gate voltage
and is consequently difficult to determine accurately. This
has hampered previous attempts to measure J(n, /p, ) which
have generally concluded®® that J peaks at n,/p, = 1 which
has led to the usual textbook assumption’'® that interface
defects have nearly equal capture cross sections for electrons

and holes. In striking contrast, we find that J is maximum at
Ps = 100n,, implying a correspondingly lopsided cross-sec-
tion ratio. The main reason for our improved accuracy is the
enormous simplification engendered in the band bending
problem at high level injection.

The carrier density decay is monitored by the rf bridge
whose output is averaged and displayed by a digital oscillo-
scope. When the sample thickness L is very thin the decay of
excess bulk minority-carrier density n, is the sum of a bulk
and surface term’":

dn, __Mm , E

dt Ty qL
where 7, is the bulk recombination lifetime, and the factor 2
accounts for the front and back surfaces. (The formulas in
this article are valid as written for both high and moderate
level injection relative to the bulk doping density.) The sur-
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FIG. 1. Contactless minority-carrier lifetime measurement for in situ inter-
face measurements.



face recombination velocity may be defined by J==¢Sn,.
Then Eq. (1) can be rewritten

dn, _ _(l+-2-s->n,,. )

The experimentally measured quantity in brackets has been
called the reciprocal filament lifetime.!" In this work, we
selected the highest quality float zone silicon to maximize 7,
and we reduced the silicon wafer thickness as low as L = 50
4m, to make the surface recombination velocity S’ the domi-
nant term in Eq. (2). Notwithstanding the variable absorp-
tion depth of the white strobe light source, the injected car-
rier density n, will be spatially uniform provided that

L(JB’T—_‘,— and L<D /S where D is the diffusion constant.
(Note that S will be time dependent via its dependence on
NysPs-)

The thin silicon wafer was oxidized under standard con-
ditions at 1030 °C in dry oxygen to a thickness of 1200 A.
During the initial stages of the oxidation, 0.2% HCI was
present. After oxidation the samples were annealed in argon
at 1030 °C and then in forming gas at 450 °C. Semitranspar-
ent palladium films were subsequently evaporated on both
faces of the wafer to act as gate electrodes.

The experiment consisted of measuring the surface re-
combination velocity S as a function of gate bias which var-
ied from — 70 to + 70 V. Since S==J(n,, p,)/qn, is not
purely a surface property but depends upon band bending

J

quv!h (Un apnsps

via the bulk minority-carrier density n,, it is useful to intro-
duce the generalized surface recombination velocity

Seen=J(n,, p,)/q/n.p, which explicitly depends only on
surface properties and is independent of band bending. The
generalized surface recombination velocity S, may be re-
lated to the experimentally measured quantity by

Sgen \/ n.,p, = Sn,. Under the assumption of quasi-equilibri-
um between the surface and the bulk, the quasi-Fermi level
separation V'==kT In(np/n?) — A is independent of posi-
tion and therefore np, =n,p, exp[(A; — A,)/kT ],
where A ,A, are the surface and bulk band gap narrowing
which occur if the carrier density becomes very high. Neg-
lecting band gap narrowing for the moment, the fundamen-
tal surface property S,., can be derived from experimentally
measured S provided that the bulk injection ratio n, /p, is

known: S, =S XN, /Py -

Based on the above discussion, the generalized surface
recombination velocity S, was measured as a function of
the n,/p, ratio. One example of such a measurement is plot-
ted in Fig. 2. The curve is shaped like the toe of a right foot,
peaking at In(n_/p,) =~ — 2 (the big toe) but still having a
significant contribution at In (n,/p,) >0 (the smaller toes).
When the thermal oxide preparation conditions were varied
the general shape of the curve was unchanged but the abso-
lute value of S, shifted vertically somewhat.

The standard kinetic model for electron-hole recombin-
ation in semiconductors is the Shockley-Read-Hall (SRH)
formula.'? Specializing to the case of surface defects

)1/2

(3)
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where N, is the surface density of defects of type ¢ per cm?
and the index ¢ is summed over all types of defects, v, is the
thermal velocity of carriers, o, and o, are the electron and
hole capture cross sections respectively. Here
n,=n exp [(E, —E)/kT ] and
p. =n, exp [(E, — E,)/kT ), where n; and E; are the in-
trinsic density and energy of the semiconductor respectively
and E, is the energy level of the defect. The effect of the last
two terms in the denominator of Eq. (3) is to greatly dimin-
ish the recombination contribution from any defects with
energy near the band edges. Neglecting these defects for now
and using Eq. (3), S,., can be written as a sum of simple

Lorentzian functions in the variable \/n,/p,=x

=3N00

N.ov,a,x 4
x? 4+ a?

where a,=,/0,/0, defines the peak of each Lorentzian
which may be different for each type of defect ¢. Equation
(4) is a weighted composite of real part Lorentzian func-
tions a,x/(x* + a?) from different types of defects, each of
which is sharply peaked at a value of x = g, corresponding
to its cross-section ratio. The experimental data in Fig. 2
may be fit by a composite of two such Lorentzian functions
(the solid curves) with the dominant one peaking at

=~

00— 11 T T YT

Generalized surface Recombination velocity (cm/sec)

L

102 104

surface electron—hole ratio ny/ps

FIG. 2. Generalized surface recombination velocity S, as a function of
n,/p, at a thermally grown Si-SiO, interface. The injection level was such
that n, = 3% 10'®/cm® and p, = 5.5 10'S/cm?. The two solid curves are
Lorentzian functions from Eq. (4) respresenting interface states of two dif-
ferent cross-section ratios o, /@, . The dashed line is a model based on DLTS
measurements (Ref. 13).



n/p =0a,/c, = 0.01 and a lesser one at n/p = o0,/0, = 80.
In that sense Fig. 2 is an experimental spectrum of interface
defects weighted by number density N, but plotted versus

cross-section ratio.
This is not meant to imply that there are only two or a

limited number of defect types. In practice there should be a
continuum of cross-section ratios. Recent DLTS measure-
ments' have accurately measured the electron capture cross
sections in the upper half of the band gap and the hole cap-
ture cross sections in the lower half of the band gap. A model
can be built by making an assumption about the behavior of
the cross sections in the complementary half of the band gap
where they are not known. The dashed line in Fig. 3is sucha
model based on Ref. 13 in which the unknown capture cross
sections were simply assumed to be 10~ ' cm?. The general
preponderance of electron cross section over hole cross sec-
tion is reproduced by that model, but the details are not
necessarily well modeled. Previous work has also shown'*
that the cross-section ratio favors electrons for those defects
in the very center of the gap.

The data points in Fig. 2 are measured at low or moder-
ate gate bias. At large positive or negative bias a qualitatively
different physical situation emerges. A large density of one
carrier type is attracted to within an electrostatic screening
length A (Fermi~Thomas or Debye) of the Si-SiO, interface.
This length is as short as 10 or 15 A. The carrier density can
become degenerate, as high as 10°°/cm?. Band gap narrow-
ing, caused by screening which decreases the free energy cost
of forming carriers, begins to play a major role. In this limit it
makes sense to write J =J, exp(q¥ /kT), where J, may be
called the forward leakage current by analogy with the diode
equation. This is derived experimentally from
Jo = (gSn?/p,) exp(A,/kT) which can be measured quite
accurately. (The band gap narrowing in the bulk A, isonly a
small correction, while at moderate injection level the major-
ity-carrier density p, exceeds the bulk doping level only
slightly.)

Adapting the SRH model, Eq. (3), to the limit of ex-
treme positive bias:

”h=3 gNv0,n} exp(A/kT)
0 T n,+n,+ (0,/0,)p, '

(3

This predicts that J, should only be a function of #, and not
of p,. Since that was indeed the case experimentally, we have
plotted the measured J, vs n, in Fig. 3(a). For extreme nega-
tive bias, we plotted versus p, in Fig. 3(b).

The highest bias voltage produced the lowest value of J,,,
which was coincidentally the same at 10~ A/cm? in both
limits. The approach toward the limiting value was rather
different in the two cases. Under electron accumulation J,
dropped near its final value as early as n, =3x 10"®/cm’.
While under hole accumulation J,, was initially higher, drop-
ping to its final value only after the hole density was quite
degenerate ( > 10'%/cm?).

The theoretical curve'® in Figs. 3(a) and 3(b) is a sim-
plified form of Eq. (5) in which n, and p, are once again
neglected: J,=S, (n2/n,) exp(A,/kT), where S, is a con-
stant representing a sum over all the defect states in the gap,
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FIG. 3. Forward leakage current J,, as a function of the carrier density accu-
mulated at the Si-SiO, interface: (a) electrons; (b) holes. The solid curves
are based upon a band gap narrowing model (Ref. 15).

S, = ZN,v4,0,. We found S, = 330 cm/s and the corre-
sponding S, = 1080 cm/s.

The theoretical curve is a poor fit, underestimating J, at
the higher densities. One reason is that the bandtail traps
represented by n, and p, which were neglected, provide a
relatively constant background contribution to J,. There are
many other possible reasons: a change in recombination ki-
netics in the degenerate limit, roughness at the Si-SiO, inter-
face on the same scale as the screening length, inaccuracy of
the band gap narrowing correction, etc. Auger recombina-
tion, however, seems to be too weak since the accumulation
layer is so thin.
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