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The approximation of Schottky depletion layers is used in calculation of the transient characteristics of a
current flowing through a semiconductor photosensitive structure with blocked impurity-band conduction.
Calculations are carried out for an arbitrary law describing the time dependence of the applied voltage V(7).
It is shown that dynamic current-voltage characteristics of such structures subjected to triangular voltage
pulses V(7)) = Bt (B —=const20) can be used to determine the main physical parameters of a structure (which
are the thicknesses of the active and blocking layers, the concentration of the compensating impurity in the
active layer, and the impurity band conductivity) and also to identify the presence of an excess electric charge
in the blocking layer. A report is given of an experimental investigation of dynamic current-voltage
characteristics (B==10"% V/s) of n-type Si:As structures with blocked impurity-band conduction at
liquid-helium temperatures, 7'<10 K. In the range T2 6 K, these current-voltage characteristics are in the
quasisteady-state. They are in agreement with the results of calculations and are governed primarily by the
process of modification of the space charge region depleted of positively charged donors. At temperatures
T <6 K, the space charge region forms under highly transient conditions. In this case it was found that the

Ts6K.

The impurity photoconductivity of silicon structures with
flocked impurity-band conduction is currently attracting con-

' sderable attention. ! Structures exhibiting such photoconduc-
| ivity are usually prepared by the methods of vapor or molec-

dar-beam epitaxy. An active layer of lightly doped, compen-
wed silicon 10-20 um thick is grown first on a degenerate
ubstrate, followed by growing a thin blocking layer of un-
doped silicon, several microns thick, on which an ohmic
wtact is deposited. The impurity concentration in an active
byer is ~1017-10'8 ¢cm™3, which represents ~10% of the
tiical concentration corresponding to the Mott transition.’
Heavy doping of the active layer ensures a high quantum
diiciency, in spite of the low dimensions of the extrinsic
Motodetector, but in the temperature range of impurity
fezeout the conductivity of the active layer responsible for
e dark current may be considerable because of the hopping

i carriers inside an impurity energy band. Introduction of a

llocking layer increases the dark resistance of a structure and
Wures a considerable reduction of this resistance under
Dh'otoexcitation conditions. However, in the case of structures
Mth blocked impurity-band conduction there are not only
Mblems typical of extrinsic photodetectors based on bulk
‘Slhcon (the main problem is the control of the degree of
f:)mpensation of the dopant!), but also major problems of
ntrol‘Of the structure parameters and particularly those of
étﬁd’dctwe layer,!) as well as problems encountered in the
Y of the transport processes in an impurity energy band,

‘~~,:;‘S€ these processes govern the. response time of a photo-
“Ctor,

_ We shall show that an analysis of dynamic current-volt-
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field effects played a considerable role: they destroyed corre
and acceptors, and increased the electrical conductivity o.
it possible to describe satisfactorily the experimental dynamic current-voltage characteristic at temperatures

Jations in the spatial distribution of ionized donors
An allowance for the field dependence of o made

conduction can provide the information needed to successfully
solve these problems.

We shall now consider the energy band diagram of a
structure of this kind in an external electric field and we shall
assume specifically that we are dealing with n-type Si (Fig.
1). The potential V applied to the contact with the blockin
Jayer is positive relative to the potential applied into the rear
contact (substrate) with the heavily doped active layer, which
corresponds to the operating conditions in the case of a pho-
todetector with blocked impurity-band conduction. In the
space charge region (II in Fig. 1) the donors are largely
neutralized. In other words, the space charge region is deplet-
ed of positively charged donors because of hopping transport
of carriers in the active layer between the impurity band
states (this involves electron jumps from neutral donors 10
vacant Np™T sites, due to the presence of compensating accep-
tor impurities which we shall call the A~ centers). We as-
sume that donors partly compensated by acceptors may be
present in relatively small concentrations ( <10 cm™) in
the blocking layer of undoped silicon; in Fig. 1 this is sym-
bolized by the discrete plus and minus signs. Therefore, at
the boundary between the active and blocking layers there is
in fact no potential barrier that would hinder the motion of
free electrons from the space charge region II to a region
labeled 1, so that accumulation of these electrons at the
boundary in question (i.e., accumulation in the surface layer
of the semiconductor) is impossible. We also assume that the
temperature is sufficiently low to justify disregard of the
thermal field and impact ionization of donors, and also the
conductivity of the blocking layer in electric fields ~ 107
V/cm, which are typical of the operation of structures with
blocked impurity-band conduction.
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FIG. 1. Energy band diagram of a structure with blocked impurity-band
conduction, subjected to a positive bias applied to the front contact: I)
blocking layer of undoped silicon; II, IIl) active layer; II) space charge
region; nf* is the front contact and n,* is the rear contact; DY represents
positively charged donors or vacancies; 4~

to

are negatively charged accep-

IB is the impurity band; E_ is the bottom of the conduction band and
£, is the top of the valence band of silicon; W is the' thickness of the
space charge region.

We shall consider the kinetics of the current flowing
through a structure when the voltage V applied to it is varied.
Let us assume that at some time 7 the voltage W(r) creates in
¢ active layer a region of width W(r) depleted of positively
charged donors. Solving the Poisson eguation in the approxi-
mation of Schottky depletion layers,? we find the relationship
between W(r), the electric field in the blocking layer EL(0),
the field in the electrically neutral part of the active layer
E (1), and the external voltage V(1):

, y , 4ng . \
Ey () = E, (1) + —= NW (D), ()

¢ ‘51/2

Wi = —1, 172 V() — E g 4> )
V(1) 5+ J]Lb + o WV —E, ()L, + L) j! . (2)

J

where q is the elementary charge, » is the permittivity of the
semiconductor, and L, and L, are the thicknesses of the
active and blocking layers, respectively. It follows from the
condition of continuity of the total current

% dE,,} s

%
{ = const = et (OEG + ype—r )

and from Egs. (1) and (2) that the current can be described
by

M=o soyia & O = L, —Ww®)]

xS {JV dno ’%7 3)

4

and the equation for the electric field in the electrically neu-
tral part of the active layer is

dE, N dno (W (8) + L) E, (1) 1 dav _ n
di % (L, + L) L+ Ly di )

Here § is the area of the structure, and ¢ is the impurity-band
conductivity which generally depends on the electric field E,
(Ref. 5).

Equations (3) and (4) and the expression (2) can be used,
if the profile of the signal V(¢) is known, to determine — in
principle — the parameters of a structure with a blocked
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impurity-band. conduction of interest to us from the eXper;
mentally determined transient current characteristic I .
particular, if the voltage is varied linearly, V = B B
const), then in the simplest case, where the observation

’ tim
obeys 1 2 &L, + Ly)/4woLy, the process of formation of mz
space charge region is quasisteady [the first term in Eq. (4) i
unimportant] and we have

#BS
)=t s
0 =7 W () + L, ] )
where
| [y "
W= —L+ | Lt gy, !

Since 1(r) is simply the capacitative current flowing through 4
structure with blocked impurity-band conduction, we find thyt
if the dependence I(r) = I(VIB) is represented using the
Schottky coordinates 7~2 and V, we should have a straight
line whose slope should give Ny, l.e., the concentration of
the compensating impurity in the active layer. Obviously, at
low values of V the dependence of /™% on V flattens, because
for V. < 0 a region rich in Np* vacancies forms inside the
active layer and the width of this region is considerably less
than L, because of the high dopant concentration in the active
layer. The current I then ceases to depend on time and its
value is governed by the thickness of the blocking layer Ly: I
= wf35/dwLy.

It is interesting to consider also the transient case, in
particular, the response of a structure for observation times ¢
o« %L, + Lp)/4woly. It follows from Egs. (3) and (4) that
under these conditions the I(r) curve is largely determined by
the impurity-band conductivity and the change in the current,
4Al, due to reversal of the sign of § represents the quantity L,
+ L, = %|B|8/27Al [see Eq. (3)].

We shall now analyze experimental dynamic current-
voltage characteristics of structures with blocked impurity-
band conduction and with an active layer made from Si doped
with As in a concentration of 7 X 1017 cm™3. The area of
the structure was 7.85 x 1073 c¢cm2. In the temperature range
4.2-10 K, the structure was subjected to sawtooth-shaped
voltage signals V rising at a rate of § ~ +1072 V/s and the
transient current /(r) = I(V) was recorded. The current and

6r
] F
4 3 J
\
< 2 — T — —
? 0.5 70 15 V, volts
2 ' “ ]
~ 2 }.’//’—M Z
ok —
2.4 /
‘L* - /
P J
5L

FIG. 2. Dynamic current-voltage characteristics of a structure With
E}Iocked impurity-band conduction in the subrange of "high" temperaturé T
Z 6 K in the case where § = +2.4 x 10~2 V/s, T(K): 1)6;2) 89
10. The arrows show direction of changes in the voltage V.
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G, 3. Dependence of -2 on V plotted using the data of Fig. 2 for 8 K.
The inset shows the distribution of the internal impurity in the investigated
sructure.

e voltage were measured using Shch-300 digital volimeters;
in measurements of the current the signal received by the
oltmeter came from a current—voltage converter based on a
54 UD1 operational amplifier with a high input resistance.
The control of the experimental procedures, as well as acqui-
jtion and processing of the data were carried out by an Elek-
wonika BK 0011 personal computer; the -V characteristic
wnsisted of about 200 experimental points and the signal-to-
oise ratio was improved by averaging the results of ten
neasurements at each value of the current.

The nature of the measured /[V(1)] curves enabled us to

| fivide the investigated temperature range into two subranges:

~

high-temperature” (7 2 6 K) and low-temperature (T <6
K). Typical -V characteristics obtained for the first subrange
ae shown in Fig. 2: they demonstrate that the changes in
kmperature have little effect on the I-V characteristics, and
hat there is no significant hysteresis when the sign of B is
tversed [this can be judged on the basis of the isothermal
trves obtained for § > O (at the top of the figure) and § <
0 (@t the bottorn)]. Consequently, we conclude that at these
femperatures the conductivity o is quite high and that the

| Quasi-steady regime of formation of the space charge region

s realized. The /™2 vs V curve should then be a straight line
which flattens at low values of V, whose slope is governed by
N [see Eq. (5) and the adjoining text]. This curve is plotted
inFig. 3. We see that it is in very good agreement with these
Medictions. The values of Ny and of the thickness of the
tlocking layer L, found from this dependence are 8.3 x 1012

i m™ and 3.8 um, respectively. Direct determination of the

listribution of the dopant in the investigated structure with

blocked impurity-band conduction, carried out in the course

of layer-by-layer etching in an electrolytic cell using the

{ Method of capacitance-voltage characteristics (inset in Fig. 3),

dves the estimate L, = 3.3 pm (corresponding to the onset
‘Ofa steep fall of the dependence log N, on 2), in satisfactory
#reement with the value 3.8 um given above. This provides
Uther support of the conclusion that at T 2 6 K the space
"i‘.’harge region forms under quasisteady conditions.

Extrapolation of the linear part of the curve of T2 vs V
' Withat it intersects the ordinate shows that in the range V<
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FIG. 4. Dynamic current-voltage char is of a s > with

blocked impurity-band conduction obtained
atures T < 6 K when 8 = +4.4 % 107
J-V characteristic calculated from Egs. (3) and (4) at .
acteristic calculated from Egs. (3) and (4) allo

< (. This

0.25 V (particularly at V = 0) we obtained I
clearly seen to be in conflict with Eq. (9)
conflict could be avoided by assuming that the b
is not electrically neutral, i.e., that it carri
tive charge Qy due to partial neutralization
donor impurity by injection from the active laye
that the distribution of Qp acros:

However,

S an

5 ©

ing layer

nproximation f

Consequently, allowing for the presence of
in the blocking layer, we conclude that the v
of intersection with the ordinate at V = 0 1s

72y o= (A [nSE)? % L2+ O g,

for @ < 0, obviously "2y could be <0.
the value of I7%|y_o in the above expression as w
values L, = 3.8 um and Ny = 8.3 x 10" em 3
above, we find that /g = 3 X 1013 ¢cm ™. This result i
reasonable agreement with the postulated concentration

of ti
ionized donors in the blocking layer: Of/q < Np (Np = 1U°
cm ™3, see the inset in Fig. 3).

It should be noted that beginning at 7 = 10 K at voltag-
es V> 1.5 V (i.e., when the test structure is in a moderate
electric field E > 10° V/em was) the current increases with
the voltage (Fig. 2); as pointed out already, this could be du
to the thermal—field and impact processes of donor ioni
tiond and/or an increase in the conductivity of the blocking
layer.

At temperatures 7 < 6 K, the nafure of the [-V charac-
teristic changes radically. A hysteresis of the corresponding
to the rise and fall of the voltage clearly demonstrates that the
processes occurring in the structure when the voltage
ied are transient (Fig. 4). In this case the change in the cur-
rent A due to reversal of the sign of 8 could be used to find
L, + L, = »x|B|/2rAl = 18 pm [see also Eq. (3)]. This
value is close to the results obtained by direct determination
of the distribution profile of the donor impurity, which gave
L, + L, = 22 pm (the inset in Fig. 3). The transient case is
described by Egs. (3) and (4). The impurity-band conductivi-

is var-
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ty o in these equations determines the Maxwellian relaxation
time 7y = ®/4wo, which can easily be found by fitting the /-
V curve, calculated from Eqs. (3) and (4), to the experimental
results, using the values of L, + L;, L, and N, found earlier.
The calculated /-V curve describes best the experimental
results if we assume that 7y = 3 s and o = const = 3.5 x
10713 S/em (curve 3 in Fig. 4; T = 5 K); a maximum of the
dependence I[V(#)] corresponds to an observation time [ =
mll, + Lp)/L, (see above), beginning from which we.can
expect a gradual transition to quasi-steady formation of the
space charge region. However, these curves differ consid-
erably: the current maximum of the experimental curve ob-
tained for 8 > 0 is preceded by an inflection point. This may
be a consequence of an increase in ¢ of the electrically neu-
tral part of a structure with blocks impurity-band conduction
subjected to the electric fields E, used in the experiments.
We can allow for this circumstance by assuming that o fol-

lows instantaneously the changes in E,. We can then calculate
3

the I-V characteristic using Egs. (3) and (4). The dependence
o(E) was calculated in Ref. 6:

o (E,) = 0, exp {a W :(ki)”z } (6)

where og 1s the impurity-band conductivity in the limit of a
weak electric field, & is the Boltzmann constant; and o =
0.69 is a constant. The I-V curve calculated from Egs. (3),
{4), and (6) using two fitting parameters 7,0 = %/47gy and o
is also shown in Fig. 4 (curve 4). It is obvious that the agree-
ment between the experimental and calculated curves is good
for both § > 0 and 8 < 0 if we assume that 7,0 = 35 s (0
=3 x 1071 S/cm) and « = 0.35. Therefore, the inflection
point exhibited by the experimental /-V characteristic should
be regarded as the point of transition from the regime of
relaxation of the current characterized by ¢ = oy = const to
the regime in which ¢ rises with the observation time. There-
fore, the model of rise of ¢ in an electric field, based on the
field-induced destruction of correlations (/ complexes) in the
spatial distribution of ionized donors and acceptors,® is capa-
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ble of describing the experimental dynamic

duction at temperatures 7 < 6 K.

DWe have in mind here a region of complete neutralization

- . CUrrent-yoy
characteristics of structures with blocked impurity-pang

dge
Con-

of the dopan;

which is the main reason for the photosensitivity of such a detector

Dlntroduction of the concept of a Schottky depletion fayer

the fact that in the case under consideration the impurity hand i essenti

Iy an analog of the valence band in which the role of hole
the vacant N, sites, which appear because of the presence

sating acceptor impurity (Fig. 1).

Mt is interesting to note that an estimate based on Eq. (

temperature of 13.5 K for the appearance of such

with blocked impurity-band conduction made of Si:As.

“The experimental values of o given in Ref. 6 are 2-3 times |

those found by calculation.

IN. Sclar, Prog. Quantum. Electron. 9, 149 (1984).

F. Szmulowicz and F. L. Madarasz, J. Appl. Phys. 62, 253
3F. Szmulowicz, F. L. Madarasz, and J. Diller, J. Appl. P
(1988).

4V. V. Bolotov, G. N. Kamaev, G. N. Feofanov, and V

is justified by
a!‘»
SN played by
of a Compep-

3) gives a Critica]

trects. This is the
upper limit of the operating temperature of a photodetector,

4 structure

ower than

3 (1987).
hys. 63, 5583

M. Emeksuz-

yan, Fiz. Tekh. Poluprovodn. 24, 1697 (1990) [Sov. Phys. Semicond. 24,

1061 (1990)1.

SN. F. Mott and E. A. Davis, Electronic Processes
Materials, 2nd ed., Clarendon Press, Oxford (1979).

5D. 1. Aladashvili, Z. A. Adamiya, K. G. Lavdovskii, E.
B. L. Shklovskii, Fiz. Tekh. Poluprovodn. 23, 213 (1989
Semicond. 23, 132 (1989)].

in Non-Crystalline

Russian version edited by Yu. N. Mikhalev
Translated by A. Tybulewicz

Zhdan et al.

I. Levin, and
)y [Sov. Phys.

1142

- Twe
sons on

SnTe h
vestiga

photolurr

Arasitior

fiagram.
spectrurm
level by
ad p-ty
of heter
particula
fattice (v
that of P

Our
photocor
of the
offsets (
lence ba
for thest
individu
fact that
With a ¢
the Fern
of millig
the band
i a dist
lane (L,
Grrer ¢
400 A ¢

EXPER

Sur
Wells v
Substrate
buffer

| Wween 5

Quantyry

| 100-400

,by passi
NK

g



	KMBT_211_00137
	KMBT_211_00138
	KMBT_211_00139
	KMBT_211_00140

