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PHYSICS

1. J. Haynes and J. Hornbeck (1) established the photoconductivity decay ef-
fect in silicon and germanium caused by trapping levels. F. M. Berkovskii,
S. M. Ryvkin, and N. B. Strokan (?) showed that 3-traps (trapping lev-
els with a small effective cross section), while substantially increasing the
photoconductivity relaxation time, have practically no effect on the iner-
tia of the short-circuit current in photodiodes, whereas a-traps (multiple-
trapping levels) must give inertial “tails.” The results obtained were gener-
alized to electronic processes occurring in p-n junctions without illumina-
tion. However, the injection effect and the associated transport phenom-
ena that create a current through the p-n junction were not considered
directly and were replaced by consideration of the kinetics of electronic
processes in a homogeneous semiconductor under homogeneous excitation.
In the present article a theory is developed for a p-n junction in semicon-
ductors with trapping levels possessing arbitrary values of effective cross
section and binding energy.

Fig. 1

2. The kinetics of minority charge carriers in the base region (0 < z < w)
of a p-n junction (for definiteness we consider holes in an n-type base) is
described by the following system of equations (see Fig. 1):

op
+ Bp, — Ap (N, —py) 87; = Ap (N, —p,) — Bp,.
(1)
Here, as in (?), quantum transitions between the band and the trapping levels

are written explicitly, while the recombination process is represented through
the lifetime 7. The solution has the form p = p,, + py +D'; Py = Do + Post + D0

op P  p—p,
a Par = 7
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i = iy +1’, where quantities with subscript n correspond to thermodynamic equi-
librium, quantities with subscript st are the concentrations of nonequilibrium
holes and the current under a stationary bias V applied to the p-n junction, and
quantities with a prime subscript are additional changes in the nonequilibrium
concentrations and current* caused by the signal v’ = ve/“t:

N gc7 &e(srsv)/’cT
r— IPn qv/kT L ol edwt P, = o
kT sy O ¢ 1+jw/B 77
L
2D )
i = 7qkT]I)/n SedV/kT cht(%) vpelt., (2)
orm* kT >/ + 32 d
* Here and below N, = (L) — 4.82.10' (ﬂT) . i=—gqDS 2| .
h? m oxl,_,
. q¢Dp,, ., w . o . .
ig =29 7 cth Z; L =+VDr; S is the area of the p-n junction; w is the extent of the base region.
Here
N, elee kT 2
S e
1/2
i+ W1+ 7/7,) N _le + W+ 7Ty, 3)
1+ w?rf J 1+ w?r? ’
where

The solution was obtained under the boundary conditions

pst|z:0 = pn (qu/kT - 1) ) pSt|:L’:w = Oa

quy
P g = pue® e ] =0, (5)
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specified at the boundary of the base region with the space-charge region (z = 0)
and at the ohmic contact (z = w).

It follows from (2) and (3) that, when the trapping effect of minority charge
carriers in the base region is taken into account, the complex differential con-
ductance of the p—n junction is

% 1 ’thhw

=7
G=— = o~ T£ (6)
[ C Z

where r,, = kT /q(ig + ig) is the differential resistance of the p—n junction
at low frequency. Formula (6) differs from the expression for the conductance
of a p—n junction without trapping levels (3, ) in that + enters it instead of
V14 jwr. In the limiting cases of a thick (w > L) and a thin (w < L) base,

the conductance is respectively equal to

G=-1, Gzl[u(w)%Ll]. (7)

Tio 0 L 3

As is seen from (3) and (6), the complex differential conductance of the p—n
junction depends on three relaxation times: 1) the recombination lifetime of a
hole in the valence band 7; 2) the characteristic trapping time of a free hole Tors
3) the lifetime of a hole at the trapping level 7;. In the course of the solution, the
known general relation between the probabilities of direct and reverse quantum

transitions in a crystal (°) was used:

. N,
Tor _ No (e—e,)/kT (8)

B

3. In the limiting case of very small effective capture cross sections of holes
at the trapping levels, B — 0. In this case v — /1 + jwr and 74 = 7. In
the other limiting case, when the effective capture cross sections are very
large, B — oo and

N 1/2
vy = [1 + jwt (1 + ]\/(5(5151))/”)] ,

v

i.e.

N
T = (1 + Nle<elav>/kT> -

v

These results coincide with the conclusions of F. M. Berkovskii, S. M. Ryvkin,
and N. B. Strokan on the characteristic relaxation times of the current in a p—n
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junction when holes are trapped, respectively, by S-traps and by a-traps (2, ).
However, such a conclusion on the basis of the limiting assumptions B — 0 and
B — o0, or even the more precise

T, T, T, Tl
<=2t r>f=_—L (9)
Tor + 7 Tor +7
coinciding with the definition of 8- and a-traps in (%), is not sufficiently rigorous.
Indeed, in the general case it follows from (3) that

1+ w27'12 + Tl/Tpr

tg2p., = , 10
B S T (4 /) 1o
whence we find the general expression for the effective lifetime*:
14+ w2 +17/7 .
Toff = l / - (11)

i + w?rA (1 + T/Tpr).

If the fraction in expression (11) does not change in order of magnitude, then
one may assume that 7.4 ~ const. It follows from (11) that this occurs if and
only if

T+ T

Tp r

<1,

i.e. (see (4) and (8)) when the condition

1
N, < (12)

1
AT —+ Fe(Ez*Ev)/kT

v

is satisfied.

In this case 7.4 ~ 7. Consequently, inequality (12) is the necessary and sufficient
condition for the smallness of the concentration of sticking centers for minority
charge carriers. If it is violated, the sticking effect influences the effective lifetime
and the inertia of electronic processes in the p-n junction.

At large concentrations of sticking centers, the p-n junction has a frequency-
independent effective lifetime in two separate frequency ranges:

T, T+ T
a) Wi« —2— b)  wr? > P

13
T—I-Tpr ( )

pr

In the frequency region (13b), it follows from (11) that
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TT,

= LN 14
Teff T+ (14)

In this case, for S-traps 7. = 7. However, for a-traps 7.4 = 7,,, which does
not coincide with the formula 74 = 7(1 + 7,/7,,) obtained in (*,°). In the

low-frequency region (13a),

Teff = T(l + 7—l/Tpr) (15)

independently of the magnitude of the ratio 7/6, i.e. not only for a-traps, but
also for S-traps. At these frequencies a-traps and S-traps do not differ in their
influence on the kinetics of electronic processes in the base region of the p-n
junction.

4. Let us clarify the reason for the discrepancy between these results and the
conclusions drawn in (?), which coincide with the asymptotic consideration
of 7v. On the leading edge of a rectangular voltage, current, or illumination
pulse, the character of the relaxation process is determined by the ratio
of the times 7 and 6. According to (?), when 7 < 6 (3-traps), the excess
concentration of free holes relaxes almost completely in a time 7, after
which its residual quasistationary value, relaxing with time 7;, is very
small and is practically not detected. When 7 > 6 (a-traps), in a time of
order € a quasistationary regime of the sticking levels is established, after
which a joint relaxation of p” and p; occurs over the time

N,
T (1 + ]\/e<515v>/kT> .

v

The factor

* According to (7), for a diode with a thick base ¢ = ¢, i.e. in the voltage-
generator regime ¢, is the phase shift between the current and the applied
voltage. In the current-generator regime, when the current is in phase with
the generator voltage, the phase of the voltage transfer coeflicient is ), = —¢p.,.
Direct measurement of 7,4 can be carried out by means of the phase method
proposed in (7).

N,
1+Fle(€l’5v)/ kT expresses the prolongation of the duration of the recombination

v
process caused by the entry of holes into the zone with sticking levels.

Such a course of relaxation processes will occur only for an infinitely sharp
front of the P-pulse. In general, one must also take into account one more time
parameter—the duration of the front of the pulse generating the nonequilibrium
concentration of holes p’. The influence of this parameter is also revealed when
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considering the kinetics of electronic processes carried out with a small harmonic
signal.

If w « 1/0 (more precisely, this condition is expressed by inequality (13a)),
then at each instant of time a quasi-equilibrium has time to be established
between the band and the sticking levels, i.e., any sticking centers behave as
a-traps, and the kinetics of the p —n junction is characterized by the relaxation
time 7(1 + 7,/7,,). If, however, w > 1/6 (more precisely, this condition is
expressed by inequality (13b)), then a-traps and S-traps must affect the kinetics
of the current in a p — n junction in different ways. For 7 <« 6, the sticking of
periodically injected or light-generated free holes practically ceases. Therefore
the relaxation and the phase shift caused by it are determined, for S-traps, only
by the recombination lifetime 7. If 7 >> 6, then the relaxation of nonstationary
holes is determined not by 7, but by the faster sticking process. Therefore,
in the frequency range (13b), the effective relaxation time for a material with
and not to 7 <1 + ]]\\jfle(al‘fv)/w).

v

a-traps is equal to 7,
The dependence of 7, on frequency, caused by the processes of sticking and
thermal liberation of holes, means that the equivalent parameters r; and C,
corresponding to the modeling of the p — n junction by a cell r,C;

G = 1/r; + jwC, must possess a frequency dependence superimposed on the
frequency dependence

G:%\/lJrij (3)

or arising in a lower-frequency region.

5. Inequality (12) leads to curious quantitative estimates. At T ~ 300°K,
A ~ 1078 em3sec™!, m* ~m, g, — ¢, ~ 0.04 or 0.01 eV and 7 = 10711
sec, the condition that the concentration of sticking centers be small takes
the following form: N; < 1/Ar. If the recombination lifetime is 7 ~ 1078
sec, then sticking increases the relaxation duration for N, = 1016 cm~3; if
7 ~ 107° sec, then for N, = 10*® cm~3. Consequently, the effect of hole
sticking on an acceptor impurity in silicon and germanium of n-type (or
of electrons on a donor impurity in p-type) in many real cases affects the
magnitude of the effective lifetime.
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