JOURNAL OF RESEARCH of the National Bureau of Standards—A. Physics and Chemistry
Vol. 75A, No. 6, November-December 1971

Temperature Dependence of Photocurrents Produced by

Gamma Rays in Silicon Radiation Detectors

Karl Scharf and Robert K. Mohr*

Institute for Basic Standards, National Bureau of Standards, Washington, D.C. 20234

(August 9, 1971)

The temperature dependence of de photocurrents produced by x and gamma rays in silicon
radiation detectors of the n-p, p-i-n, and surface-barrier type was investigated in a temperature range
between 20 and 50 °C. Photodiode photocurrents, assumed as being equal to the generated currents

1,, showed a positive temperature dependence in all detectors investigated. Their temperature coefhi

cient at 25 °C varied between +0.004 per °C and +0.002 per °C. The temperature dependence of

short-circuit currents /. measured by a compensation method, was positive and nearly linear for
n-p type detectors but nonlinear and negative for p-i-n and surface-barrier type detectors. It is shown,
that this different behavior of individual detectors is due to the influence of the strongly temperature-
dependent junction current /; which under the short-circuit mode is drained off the generated current
I,. The junction current is a function of the internal series resistance Ry and the junction resistance
R; of the irradiated detector (I;= I, Ri/R;). With increasing resistance ratio Ry/R;, the current ratio
1j/1, increases and the temperature coefficient ay. of the short-circuit current decreases. Temperature
coefhicients (. ).; measured in the different detectors at 25 °C and a current density 6 X 10°7 A/em?
decreased with increasing resistance ratio from +0.004 per °C to —0.005 per °C. Resistance ratios
R;/R; of the detectors investigated ranged between 0.01 and 0.24 approximately. Thus, («.).; meas-
ured in an individual detector can be changed by changing its effective series resistance. A decrease
of (ag.)s; with increasing [, was observed in detectors with larger resistance ratios. This was appar-
ently due to the voltage dependence of R; at higher junction voltages produced by larger short-circuit
currents.

Key words: Gamma rays: photocurrents: radiation: radiation detector; radiation dosimetry; silicon

radiation detector; temperature dependence; x rays.
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1. Introduction

Silicon radiation detectors operated as direct-current
measuring devices can conveniently be used for meas-
urements of exposure rates of x and gamma rays larger
than approximately 0.1 R/min [1, 2].! Under this mode
of operation, exposure rates are determined by meas-
uring steady-state direct currents produced by irradi-
ation in the detector circuit. These radiation-produced
signal currents, in general called here photocurrents,
are related to the exposure rate of the respective radi-
ation incident on the detector. Detectors can be used as
photodiodes [3] when photocurrents are large com-
pared with the dark current produced without irradia-
tion by an external bias voltage. Otherwise, detectors
are operated as photovoltaic cells [4]. In this case no
external bias voltage is applied at the detector and the
total load current measured under irradiation is the
photovoltaic photocurrent. However, its magnitude as
well as its temperature dependence are functions of the
external load resistance used. It is therefore recom-

*Present address: University of Massachusetts, Amherst, Mass. 01002.

! Figures in brackets indicate the literature references at the end of this paper.

mended that exposure rates be determined by measur-
ing the photovoltaic short-circuit current which is pro-
portional to exposure rate over a wide range. Short-
circuit currents can be determined by extrapolating
photovoltaic current measurements to zero load resist-
ance [4], but are usually approximated by photovoltaic
currents measured at small load resistances [1].

An important problem in exposure rate measure-
ments with dc operated silicon radiation detectors is
the temperature dependence of photocurrents, in
particular that of short-circuit currents. In previous
investigations [3, 4], short-circuit currents as well as
photodiode photocurrents produced by x rays in
diffused silicon radiation detectors of the diffused
p-n junction type were found to increase with increas-
ing temperature varying approximately from 20 to
50 °C. Other authors reported similar measurements
with silicon radiation detectors of different types but
differed in their findings. For instance, temperature-
independent short-circuit currents were observed in
diffused p-n junction [5] and surface-barrier type
[1] detectors as well as in p-i-n type detectors with
shallow lithium drifts [5, 6], but short-circuit currents
showing a negative temperature dependence were
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observed in p-i-n type detectors with deep lithium drifts
[5]. No definite explanation could be given for such
different behavior of individual detectors.

In this paper an investigation is reported of the
temperature dependence of short-circuit currents and
photodiode photocurrents produced by x and gamma
rays in silicon radiation detectors of different types.
An electrical compensation method, described in a
previous paper [8], was used for a direct and precise
measurement of the short-circuit current. Under this
method, the voltage drop produced by the photovoltaic
current across the external load resistance is com-
pensated by an applied bias voltage. Then, the ap-
parent load resistance and the detector input voltage
under irradiation are equal to zero and the current in
the external circuit is equal to the short-circuit current.
By using this method, it was possible to eliminate any
influence of the external load resistance on the temper-
ature dependence of short-circuit currents. In particu-
lar, it is shown that differences in the temperature
dependence of short-circuit currents observed with
detectors of different types can be related to the
different values of internal series and junction resist-
ances of individual detectors.

2. Circuit Equations

Circuit equations for the direct-current operation of
a radiation detector can be derived from the simplified
equivalent circuit of a detector shown in figure 1.
The detector is represented by a de current generator
shunted by a rectifying diode of a resistance R;,
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FIGURE 1. Simplified equivalent circuit of an irradiated silicon
radiation detector.

called here the junction resistance, and an internal
series resistance R;. Sometimes it may be desirable
to add, as shown, an additional series resistance
R! in the circuit as will be discussed below.

The junction resistance R; is a nonohmic resistance.
According to the theory of an ideal diode, the voltage-
dependence of a current I; passing through a diode
junction is given by the relation

I;=1, [exp(qV;/kT) —1] (1)

where V; is the voltage across the junction, I; the
junction current, T the absolute temperature, & the
Boltzman constant, q the electronic charge, and I,
the reverse saturation current of the diode. Both V;
and [; are assumed to be positive in the forward direc-
tion (broken arrow) and negative in the reverse
direction (solid arrow) of the rectifying diode junction.
The dynamic junction resistance derived from eq

(1) as
dvjldl;= (kT/ql,) exp (—qV;/kT) (2)

is a nonlinear function of the junction voltage ¥; and
decreases or increases with increasing voltage de-
pending on whether V; is in the forward or reverse
direction of the junction. However, for voltages
V; < <kT|q, it may be assumed that R; is a voltage-
independent ohmic resistance

R;= (kT)/(ql,) (3)
The junction resistance R; is strongly temperature
dependent because of its dependence on I, which
increases exponentially with increasing temperature
T. At a temperature of 300 K, (kT)/q is equivalent
to 26 mV which means that at room temperature eq
(3) is applicable only if V; is of the order of a few
millivolts.

The internal series resistance R, is assumed here
to be an ohmic resistance. It consists of the bulk resist-
ance of the detector, contact resistance, and sheet
resistance along the thin contact layer and is usually
considered to be negligibly small compared with R;.
As shown in this investigation, this assumption is
apparently not justified in the case of silicon radiation
detectors which are made of high-resistivity silicon
and are provided with very thin electrical surface
contacts.

The bias voltage V', applied to the detector through a
load resistance R, (fig. 1) is either equal to zero
(photovoltaic mode) or is a reverse voltage of finite
value (short-circuit mode and photodiode mode). In
the latter case ¥, produces without irradiation a reverse
load current, called here the dark current Ip, which
is not shown in figure 1. When irradiating the detector,
a current I, is generated in the reverse direction of
the diode junction, causing an increase in the external
reverse load current. If Iy is the total reverse load
current under irradiation (fig. 1) then the photo-
current I, defined here as the radiation-produced
reverse current signal, is obtained as

I:IR—ID. (4)

In this equation it is assumed that I, I, and Ip are
reverse currents determined at the voltage V' which
is applied under irradiation across the detector ter-
minals (fig. 1). Values of Iz and Ip can be obtained
from current-voltage characteristics of the detector
measured with and without irradiation. If ¥;,=0 or
V=0, then, as discussed below, I is either a forward
current or is equal to zero and
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I=Ix. (5)

The generated current I, is proportional to the
number of electron-hole pairs produced in the detector
by the radiation and collected by the electrical junction
field per unit time, and is therefore proportional to
the exposure rate. It increases at a small rate when the
junction voltage V; increases in the reverse direction,
thereby increasing the effective charge collecting
volume. However, the generated current I, cannot
be directly measured except when operating the
detector as a photodiode and using high bias voltages.
Thus, exposure rate measurements have to be based
on the measurement of the photocurrent I which is
usually different from /.

The relation between I, and I can be obtained
by determining the relation between I, and Ir. This
can be done by considering the following equation for
the voltages V' and V; applied under irradiation across
the detector terminals and the diode junction respec-
tively. Taking into account the internal series re-
sistance Ry, then according to the equivalent circuit
(fig. 1)

V=V,—IrR,

Vi=Vy—Ix (R +Ry) =V —IxR,. ©6)
Due to the voltage drop produced by Ir across Ry,
V and V; are different for a given Ix. Since under the
dc modes V, =< 0 and Iz < 0, it follows from eq (6) that
for a given Iz, V' and Vj are forward or reverse voltages,
i.e., are positive or negative depending on the value
of V. In the case of a forward biased junction a forward
junction [; is drained off the reverse generated current

I, (fig. 1) and
Ip=1t,—1, (7)

In the case of a reverse biased junction, a reverse
junction current /j is added to I, and

Ir=1,+1;. (8)

In using eqs (4) to (8) one obtains the following circuit
equations for the different de¢ modes of operation:

(a) Under the photovoltaic mode, V,=0. Thus,
according to eq (6), ¥ and V; are positive. Therefore,
Ip and I;, which are functions of V" and V; respectively,
are forward circuits and eqs (5) and (7) are applicable
for this mode. Furthermore, the voltage ¥ is a function
of R;, and R,. This means that [; and consequently
the photovoltaic photocurrent (eq (7)) are dependent
on the load resistance R, as mentioned above.

(b) Under the short-circuit mode, which is the main
subject of this investigation, the short-circuit current
is measured by an electrical compensation method.
Under this method, a reverse bias voltage, now called
the compensation voltage V., is applied under irradia-
tion so that

Vi=V.=IgR,. 9)

Then the voltage drop produced by Ir across the load
resistance R, is compensated and according to eq (6)

V=0and V;=—IgR;. (10)
At V=0, the dark current [,=0 and V; is positive or
a forward voltage because Ir is negative. Thus, as
under the photovoltaic mode, eqs (5) and (7) can also
be applied under the short-circuit mode, noting that
Iz measured at V=0 is called now the short-circuit
current, /..

Assuming in particular that, at the small junction
voltages encountered under this mode, the junction
resistance R; may be considered to be an ohmic
resistance, then one obtains the junction current as

[ =I.RJR; (11)
and the short-circuit current according to eq (7) as
Iy Els(‘: I{,(1+R3/Rj)*l. (12)

Compared with the photovoltaic current, the short-
circuit current has the advantage that it is independent
of R, and is dependent only on the internal resistances
R and R; which are characteristics unique to each
individual detector. The short-circuit current [ is
smaller than I, but is proportional to I, as long as the
ratio Ry/R; remains constant. This condition is usually
fulfilled when V; remains within the voltage range
of constant junction resistance R;. According to eq
9), I, can be determined by measuring the compensa-
tion voltage V. which for a given value of I, may be
increased by increasing R, thereby increasing the
accuracy of exposure rate measurements carried out
with silicon radiation detectors.

(c) Under the photodiode mode |V}|>|Ix|R.. In
this case the detector voltage ¥ and the dark current
Ip are in the reverse direction, but depending on
whether [V|= |Ix|R;, the junction voltage V; is under
irradiation either in the reverse or the forward direc-
tion. Thus combining eqs (4), (7), and (8) which are
apolicable to this mode, one obtains the photodiode
photocurrent

I=1,— (Ipx1)) (13)
where the minus sign in the bracketed term refers to
a reverse biased junction. A distinction is made here
between the dark current Ip determined by the current-
voltage characteristic of the detector measured with-
out irradiation and the current /; passing through the
junction under irradiation. They are related to different
voltages V' and F; respectively and are therefore of
different values as shown below.

It should be noted that in all the above circuit equa-
tions, Ir, I, and Ip are values determined as functions
of the detector voltage V, while I, and I; are related to
the corresponding junction voltage V; which, due to
the voltage drop across R; is different from V (eq (6)).
However, when I approaches a voltage-independent
saturation value at larger reverse detector voltages,
then (Ip—1;)— 0 and I — I,. Thus, considering photo-
diode currents at larger reverse detector voltages
and neglecting the small voltage dependence of I,
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in the voltage interval between } and ¥}, one may with
good approximation assume that for a given voltage
V the photodiode current
I=1, (14)
The influence of the internal detector resistance
R; on measured photocurrents is further illustrated
in figure 2, showing assumed current-voltage charac-
teristics for a radiation detector having been measured
without and with irradiation at constant exposure rate.
For convenience, reverse current and voltage values
are indicated by positive coordinates. Currents are
given by the external characteristics (solid lines) as
functions of the measured detector voltage V, and
by the internal characteristics (broken lines) as
functions of the junction voltage V. For a given current
Iy, the corresponding voltages V' and V; differ by the
voltage drop of the current across the internal series
resistance R, assumed here to be extremely large.
For given values of external bias voltage and load
resistance, the corresponding values of Ir and V are
given by the coordinates of the point of intersection
between the external characteristic Ig=f(}') and the
load line crossing the voltage axis at the respective
bias voltage ¥V}, or the compensation voltage V. in
the case of the short-circuit current. In figure 2, I,
is as an approximation assumed to be voltage-inde-
pendent and consideration is given only to the behavior
of the short-circuit current I, and the photodiode
current /.

When applying at the detector the compensation
voltage V., then V=0 at the detector and I,=0, and
the measured current is equal to the short-circuit
current [,.. But, as discussed above, [, < I, because
due to the corresponding voltage V;, a forward current
I; is deducted from I, If a reverse bias voltage | V) | >
| Ve | is applied, the detector voltage ¥ will be in the
reverse direction. At small reverse voltages, V; and
I; are in the forward direction but decrease and change
into the reverse direction with increasing reverse
voltage V. Then the respective photodiode photo-
current [ is obtained from the external characteristics
as the difference between Ig and I at the voltage V.
The generated current I, is read from the internal
characteristics as the difference between the respec-
tive current I and the junction current I; at the
voltage V; corresponding to V. As long as the dark
current Ip does not achieve saturation, Ip >I;, and
consequently I <[, It is obvious from figure 2 that
V; and I; cannot be obtained from the measured
external characteristics unless R is known and that
is usually not the case.

3. Experimental Procedure

Most of the detectors investigated were commer-
cially available silicon radiation detectors. Measure-
ments reported here were carried out with two different
n-p type detectors, two p-i-n type detectors and one
surface-barrier type detector. The n-p type detectors
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FIGURE 2. Hypothetical current-voltage characteristics of a radiation
detector showing external load currents measured with and without
irradiation as functions of detector voltage V (solid lines) and
junction voltage V; (broken lines) respectively.

with surface areas of 2.1 ecm? and 0.3 cm? respectively
were of the encapsulated type with thin protective
aluminum coatings on the surfaces. One of the p-i-n
detectors, hereafter referred to as p-i-n detector
(No. 1) was a lithium-drifted detector with a passivated
surface and a specified depletion depth of 2 mm. The
other p-i-n detector, hereafter referred to as p-i-n
detector (No. 2) was a lithium-drifted detector with a
specified depletion depth of 1 mm. The surface-
barrier type detector was a ceramic ring-mounted gold-
silicon detector disc placed between pressure contacts.
The surface-barrier detector was made of n-type
silicon of a high unspecified resistivity. All the other
detectors were made of 1000 Q-cm p-type silicon.

For measurements with x rays, detectors were
mounted in a metallic vacuum-tight container > which
was placed inside a thermostatically controlled drying
oven (fig. 3). The radiation beam first passed through
the nonmetallic oven wall before entering and leaving
the container through thin aluminum windows. A
lead diaphragm was placed over the entrance window
for collimation of the beam. Inside the container the
detector was held by a metallic ring mounted on a
Bakelite rod. In order to minimize oxidation of detector
surfaces, the air pressure in the container was main-
tained at approximately 103 torr. For measurements
with vy rays, detectors were placed inside a thermo-
statically controlled environmental test chamber
and exposed to radiation at atmospheric pressure. In
both cases the stabilized temperature of the detector
was measured with a thermistor-type telethermometer
with its probe attached to the metal casing of the
detector. All detectors were covered with light-tight
?himinum covers of electronic equilibrium thickness
9].

Radiation sources were, if not otherwise stated, a
250 kV tungsten target x-ray tube operated by a stabi-

2 The metallic container was originally designed in connection with a previous investigation

[3].
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FIGURE 3. Mounting of radiation detector in vacuum-tight metallic

container.
(a) Drying oven; (b) metallic container; (c) removable lead diaphragm: (d) thin Al-windows
for entrance and exit of radiation beam; (e) Bakelite rod with metallic supporting ring;
(f) detector; (g) thermistor thermometer probe.

lized constant voltage supply, and a '37Cs y-ray source.

Short-circuit currents were measured by a compen-
sation method [8]. Currents observed under the photo-
diode mode of operation were determined by potentio-
metric measurement of the voltage drop across a
known load resistance.

4. Temperature Dependence of
Photocurrents

The temperature dependence of short-circuit
currents and photodiode photocurrents measured with
silicon radiation detectors of different types in a tem-
perature range between 20 and 50 °C is shown in
figure 4. Photocurrents are given in relative values
and are normalized to unity at 25 °C. Measurements
were made with lightly filtered 100 kV x rays at an
approximate exposure rate of 8 R/min. Photodiode
photocurrents determined at a bias voltage of 10
V were obtained from current-voltage characteristics
measured at different temperatures.

Short-circuit currents (solid lines) as well as photo-
diode photocurrents (broken lines) measured with a
diffused n-p type detector show a positive temperature
dependence and increase with increasing tempera-
ture. For the other detectors investigated, photodiode
photo-currents also show a positive temperature
dependence, but short-circuit currents decrease at
varying rates with increasing temperature. The p-i-n
detector (No. 2) shows a very small temperature
dependence for the short-circuit current. But short-
circuit currents measured with the p-i-n detector
(No. 1) and the surface-barrier detector show a strongly
negative temperature dependence.

Photodiode photocurrents shown in figure 4 were

measured at relatively small bias voltages. One may
therefore assume that charge collection under the
photodiode as well as under the short-circuit mode
of operation was mainly achieved by diffusion of
minority carriers from the detector base into the deple-
tion region. Thus, the qualitatively different behavior
observed under different modes of operation can
apparently not be explained by different intrinsic
electronic properties of individual detectors, such as
mobility and lifetime of minority carriers. An explana-
tion has rather to consider the dependence of the short-
circuit current on the strongly temperature-dependent
junction current which is a function of the internal
series and junction resistance of each individual
detector.

5. Temperature Coefficients of
Photocurrents

In order to compare the temperature dependence
of photocurrents measured with detectors of different
types, the temperature coefficient « of the photocur-
rents at a given temperature is considered here.

In the case of a forward biased junction, as en-
countered under the photovoltaic and short-circuit
mode, the temperature coefficient « can be derived
from eq (7). If a, B, and 7y are the temperature coefh-
cients of [, I, and [; respectively, defined as

a= (dI/dT)/I; B=(dly/dT)/1y; v= (dI;/dT)]I;

(15)
then by differentiation of eq (7) one obtains
a= (Bl,—vl;)/I (16)
or
a=0if (Ig/l;)= (vIB). (17)
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FIGURE 4. Temperature dependence of short-circuit currents (solid
lines) and photodiode photocurrents (broken lines) produced
by lightly filtered 100 kV x rays in silicon radiation detectors of
different types.

The reverse bias voltage used for the measurement of photodiode photocurrents was
Ve=10 V.
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The temperature coefficient 8 of I, as derived from
photodiode current measurements (fig. 4) is positive,
and so is the temperature coefficient of I; which
increases rapidly with increasing temperature. How-
ever, the temperature coefficient « of photocurrents
I can either be positive or negative depending on the
value of the ratio (I4/I)).

Under the photovoltaic mode, [; is a function of the
load resistance R, and consequently a=f(R.) as
has been shown in a previous paper [4]. However,
under the short-circuit mode, I; is independent of
R, and so is the temperature coefficient ay. of the short-
circuit current. Assuming a constant junction resist-
ance Rj, one obtains from eqs (11), (12), and (16) the
temperature coeflicient of the short-circuit current as

which is dependent only on parameters characteristic
of the individual detector. The temperature coefficient
ag. of the short-circuit current is smaller than the
temperature coefficient B of the generated photo-
current because v is positive and much larger than g.
The contribution of y to the value of ag. can also be
derived as a function of the temperature coeflicients
of the internal resistances. By differentiation of eq
(12) one obtains

a=B+ [Rs/(R;+Rs)] (8 — &, (19)
if §; and &; are the temperature coeflicients of the
junction and series resistance respectively and are
defined by relations similar to those given in eq (15).
The value of §; is negative but & can be positive or
negative depending on the structure of the detector.
Equation (19) is similar to eq (18) but here ay. is a
function of the ratio of R; and the zero-voltage re-
sistance (R;+ R;) which is equal to the slope dV/dIy
at V=0 of the external characteristic Ip=f(V) shown
in figure 2.

In the case of a reverse biased junction, as in the
photodiode mode, eq (16) could be used for values
of I measured at small voltages by substituting (Ip —I;)
for I;, However, for large voltages, one can assume
that I=1, In this case the temperature coefficient
« of the photodiode photocurrent may be assumed to be
equal to the temperature coefficient B8 of the generated
current.

6. Measurement of « as a Function of
Different Parameters

According to equations discussed in the previous
section, the temperature coefficient of photocurrents
observed in a radiation detector is a function of the
junction current [; which is determined by the voltage
V; existing across the junction under irradiation. In
order to verify these relations, the dependence of the
temperature coefficient « on different parameters
influencing V; (eq (6)) was investigated. Measurements
were carried out with the same detectors that were
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FIGURE 5. Temperature dependence of photocurrents produced by

lightly filtered 100 kV x rays in a surface-barrier detector at
different detector voltages.

used for measurements shown in figure 4. If not other-
wise stated, measurements were carried out with
lightly filtered 100 kV x rays.

(a) Detector voltage. The temperature dependence of
photodiode photocurrents measured with the surface-
barrier type detector at constant exposure rate for
different detector voltages is shown in figure 5.
Voltages V existing at the detector under irradiation
and corresponding photocurrents were derived from
reverse current-voltage characteristics measured at
different temperatures with and without irradiation.
Photocurrents are given in relative values normal-
ized to unit at 25 °C. The strongly negative temperature
dependence of the short-circuit current at V=0,
changes gradually with increasing V into the positive
temperature dependence of the photodiode photo-
current. The temperature coefficient a»; at a given
voltage is equal to the slope of the respective curve
at 25 °C.

Similar measurements made with detectors of other
types are summarized in figure 6, showing a; as a
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FIGURE 6. Temperature coefficient cws at 25 °C of photocurrents
produced by lightly filtered 100 kV x rays in silicon radiation
detectors of different types measured as a function of detector
voltage.

Values of au; at J'=0 refer to short-circuit currents.
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function of V. Values of a.; for short-circuit currents
(V'=0) are either positive or negative but change
with increasing V into positive values becoming
approximately constant at higher voltages. For the
diffused n-p type detector (2.1 e¢m?), ass is nearly
voltage-independent over the voltage range investi-
gated. Constant values of as; are reached at relatively
small voltages of the order of one volt for all detectors.
Apparently at this point /=1, and as; becomes equal
to the temperature coefhicient of B.;5 of the generated
photocurrent I,. These “plateau’ values of a»; are of
the same order of magnitude for the different detectors
but differ slightly apparently due to differences in
electronic properties of individual detectors.

(b) Series resistance. In order to change the effective
series resistance of a detector, additional resistances
R; were inserted in the circuit as shown in figure 1.
These resistances with a negligible temperature
coefficient were not incorporated in the detector and
were always kept at room temperature. Then photo-
currents measured at =0 can be assumed to be ap-
proximately equal to the short-circuit current [/
of the respective detector having an internal resistance
(Rs+ R)).

The temperature dependence of ;. measured with
the diffused n-p type detector at constant exposure
rate is shown in figure 7 as a'function of R;. Photo-
currents are again given in relative values and the
slope of each curve at 25 °C is the temperature coefhi-
cient of I/, measured with the respective additional
resistance R.. For R;=0, the temperature coefhcient
of I’. is positive and decreases with increasing R
changing to negative values at larger R;. This behavior
is in agreement with eq (17) because at constant
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FIGURE 7. Temperature dependence of short-circuit currents 1!, pro-
duced by lightly filtered 100 kV x rays in a diffused silicon n-p type
detector, measured with different additional series resistances R..
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FIGURE 8. Dependence of (I\))~' on additional series resistance R

at different temperatures derived from measurements with a diffused
silicon n-p type detector. .

exposure rate, i.e., constant I,, and constant voltage
V=0, the junction voltage increases with increasing
R thereby increasing I; and decreasing the ratio 1,/I;.
The temperature dependence of I/, is similar to that
of photovoltaic currents measured with different
load resistances [4].

The short-circuit current of the n-p type detector
can be made nearly temperature-independent within
a certain temperature range by adding a suitable
series resistance R| as shown in figure 7. This optimum
resistance can conveniently be determined by using a
relation derived from eq (12):

(1I..)= (Ri+Rs+R;)/ (I,R;) = (1) + R}/ (I,R;)
(20)

where 1), and I, are the short-circuit currents meas
ured with and without an additional resistance R..

According to eq (20), at constant exposure rate and
constant temperature ([i.) ! is a linear function of
R; provided that R; remains constant. Graphs of
(Iic) " as a function of R} which were derived from
measurements shown in figure 7 are given in figure 8.
Graphs are linear for all temperatures indicating that
over the resistance range investigated the junction
resistance R; remains constant at each temperature.
The change from a positive to a negative temperature
dependence of I, with increasing R/ is indicated by
the crossing of the lines. They do not cross at a single
point, but points of intersection are spread over a
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small range of resistances R, for which the tempera-
ture dependence of I.is very small.

Similar measurements were carried out with the
other detectors with qualitatively similar results. With
increasing R, a»s; decreases and becomes more
negative. Graphs determined for the surface-barrier
type detector shown in figure 9 indicate this change
in temperature dependence of Iy, but do not show
an intersection because at R;=0, ()25 is already
negative. At lower temperatures, these graphs are
nonlinear indicating that the junction resistance R;
decreases with increasing R;. This is apparently due
to an increasing voltage drop across the series re-
sistance which makes the junction voltage so large
that R; becomes voltage-dependent and eq (3) is not
applicable any more. Linearity of graphs at higher
temperatures can apparently be explained by a
decrease in junction voltage.

Similar observations were made with the p-i-n type
detector (No. 1). For the p-i-n type detector (No. 2)
irradiated with heavily filtered 100 kV x rays at a low
exposure rate, graphs of (/..)~! versus R are linear
(fig. 10), but become nonlinear when the detector is
irradiated with lightly filtered 240 kV x rays (fig. 11)
at a high exposure rate. The explanation given above
for the nonlinear cases is supported by measurements
discussed in the following section.

(c) Short-circuit current. Temperature coeflicients
(0tse)es of short-circuit currents measured at 25 °C
with detectors of different type and size at different

12x10° SURFACE - BARRIER

2 \ | | |

o 50 100 150 200
ADDITIONAL SERIES RESISTANCE R;., kQ

FIGURE 9. Dependence of (I),)~! on additional series resistance R,

at different temperatures, measured in a silicon surface-barrier type
detector.

5.0xI0°}— !

49.9° ¢

_p-i-n (No. 2)

0 | | | |
(0] 50 100 150 200
ADDITIONAL SERIES RESISTANCE RY, kQ

FIGURE 10. Dependence of (I.,)~! on additional series resistance R,
measured with p-i-n type detector No. 2, using heavily filtered 100
kV x rays at an approximate exposure rate of 0.6 R/min.

current levels are shown in figure 12. In order to make
measurements for detectors of different areas more
comparable, (o )2; is shown as a function of short-
circuit current density, considering that in the case of
a fully irradiated detector, I, and Iy, as well as [;
are proportional to the detector area. Short-circuit
currents changing by about three orders of magnitude
were produced by x rays obtained at different tube
voltages and different filtrations. The smallest short-
circuit currents of the order of 10~ A/cm? were pro-
duced by ¥"Cs gamma rays. The quality of radiation
may be assumed to have only a negligible influence on
the temperature dependence of I..

Values of (ag)es of Iy, remain approximately con-
stant for the diffused n-p type detector (0.3 cm?) and
change only slightly for the p-i-n type detector (No. 2)
over the current range investigated. Howe >r, for the
p-i-n type detector (No. 1) and for the surtace-barrier
type detector, (ay)2s decreases markedly with increas-
ing short circuit current. This negative current depend-
ence of ()2 can again be explained by the voltage
drop of the short-circuit current across a large internal
series resistance in the detector. With increasing short-
circuit current, the junction voltage equal to this volt-
age drop reaches a value for which the junction re-
sistance R; becomes voltage dependent.

(d) Internal detector resistances. The relation be-
tween the temperature dependence of photocurrents
produced in silicon radiation detectors and their
internal series and junction resistance has in a quali-
tative way been shown by the measurements discussed
in the previous sections. A quantitative relation be-
tween these resistances and the temperature coeffi-
cient (ag)2s of short-circuit currents can be obtained
by determining the resistance ratio Rs/R; and the zero-
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FIGURE 11. Dependence of (I\.)~' on additional series resistance R,
measured with p-i-n type (letett()r (No. 2), using lightly filtered 24()
kV x rays at an approximate exposure rate of 65 R/min.

voltage resistance (Rs+R;) of a detector from its meas-
ured current-voltage characteristics. From these val-
ues, the series resistance Ry and the junction re %istdnce
R; can then be calculated. According to eq (12), R/R;
can be obtained from the ratio ,/I,. where I is the
measured short-circuit current and [, is the gen-
erated photocurrent at }/"'=0 which is derived from
photodiode photocurrents measured at detector volt-
ages of a few volts by extrapolation to zero detector-
voltage. This extrapolation was based on the measured
voltage-dependence of I, which for all detectors
investigated was found to satisfy the relation [3]

(Ig)Vz (1'|’1)(V‘+‘V0)]’/2 (21)
where (I;)y is the generated current at the detector
voltage V', a and b are constants, and V) is the built-
in potential difference across the junction, assumed
here as an approximation to be V,=0.5 V.

Resistance values determined in this way for the
different detectors investigated, and the respective
temperature coefficients of short-circuit currents are
given in table 1. Values of (ay):; at a short-circuit
density of approximately 6 X107 A/cm? were taken
from curves shown in figure 12. The high series re-
sistances of the surface-barrier type and the p-i-n
type detector (No. 1) may be due to surface oxide layers
or nonohmic contacts on these detectors. The relative
low junction resistances of both p-i-n type detectors
may be explained by an inhomogeneous distribution
of lithium ions forming low-resistivity channels shunt-
ing the junction field region. It should be noted that
measured values of Ry and R; are effective values
which are determined by a C()mblnatlon of different

series and shunt resistances not specifically considered

here.

According to table 1, and as shown in figure 13, (o) 25
is not changing in a way similar to that of the indi-
vidual values of R, or R;, but decreases monotonically
with the increasing ratio of these resistances. This
result is in agreement with eq (18), though according
to this equation a linear dependence of (a.)s; on
R¢/R; may have been expected. The nonlinearity of
the relation between (ay.)2; and the resistance ratios
as shown in figure 13, may be due to differing tempera-
ture coeflicients 8 and <y of the currents I, and [; in
individual detectors and to the voltage dependence of
R; at higher junction voltages. Junction voltages
(V;i=1I4Rs) calculated for the different detectors in-
vestigated are shown in table 1. At the given current
level, the junction voltages V; in the n-p type detector
and the p-i-n type detector (No. 2) are rather small.
However, for the p-i-n type detector (No. 1) and the
surface-barrier type detector, values of V; are much
higher and in such a range that R; and R¢/R; may be
assumed to be voltage dependent. This confirms the
explanation given earlier for the current dependence
of ()25 observed with these detectors. It should be
noted that in such cases, values of R; determining the
zero voltage resistance (R;+ R;) and those determin-
ing the current ratios [/l are different. Thus, the
“true” values of the zero-voltage junction resistances
R; may be larger, and the values of the corresponding
series resistances Rg and resistance ratios R¢R; may
be smaller than those given in table 1 and used in
figure 13.

7. Exposure Rate Dependence of I,

The value of the temperature coefhicient of the short-
circuit current Iy, (eq (18)) has been derived from eq
(12) showing the dependence of I, on the resistance
ratio Rg/R;. Hence, any voltage dependence of R;

004} — 2 e
002
a
= p-i-n (No 2)
o _

a

TEMPERATURE COEFFICIENT (Qsgc),

-002
SURFACE-BARRIER
-004
p-i-n (No I)
coos L Lt 11yl Ll
16° 10® 107 10°

SHORT- CIRCUIT CURRENT DENSITY, A/cm®

FIGURE 12. Temperature coefficient (a.)»s at 25 °C of short-circuit
currents measured with detectors of different types as a function of
short-circuit current density.
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TABLE 1. Temperature coefficients (c.)ss of short-
ctrcuit currents measured in silicon radiation de-
tectors at 25 °C at a current density of 6 X107
Alcm?, and detector data

Detector type
Item
n-p p-i-n Surface p-i-n
(No. 2) (No. 1)
(@l on000s C) ... +0.0040 | —0.0002 | —0.0033 | —0.0047
Area......... cm?.. 0.3 1.1 223 285
RyRj.covvvivinannnn. 0.011 0.044 0.092 0.245
(R+Ry) ...... kQ..| 830 147 866 61
Ry ome kQ.. 821 141 793 49
Rovvioiiinnnn. kQ.. 9 6 73 12
[ onmonnon e mV.. 1.6 4.0 100.7 18.0

should influence I, as well as (ag)2s. In order to
prove this point, measurements of the exposure rate
dependence of I, were carried out for the different
detectors as shown in figures 14 and 15. For small
short-circuit currents produced by 37Cs gamma
rays, . is a linear function of exposure rate for all de-
tectors. However, for large short-circuit currents pro-
duced at high exposure rates of lightly filtered 30 kV
x rays obtained from a beryllium window-type tube, the
exposure rate dependence of I is non-linear for de-
tectors which have a high resistance ratio and show a
relatively large current dependence of ()25 (fig. 14).
This nonlinearity can again be explained by the in-
crease of R¢R; with increasing exposure rate, i.e.,
increasing short-circuit current, due to the voltage
dependence of R; According to eq (12), I,. remains
proportional to I, i.e., to exposure rate, only as long as
the resistance ratio Ry/R; remains constant. Short-
circuit currents observed with the p-i-n type detector
(No. 2) (fig. 14) show only a slight deviation from a
linear exposure rate dependence, but for the n-p type
detector (2.1 cm?) which had a resistance ratio of about
0.015, /. is proportional to exposure rate over the whole
range investigated (fig. 15).

8. Summary and Conclusions

The following conclusions can be drawn from this
investigation of the temperature dependence of
photocurrents produced by x and gamma rays in
silicon radiation detectors of the diffused n-p, lithium
drifted p-i-n, and surface barrier type in a tempera-
ture range between 20 and 50°C approximately.

(1) Generated photocurrents derived from photo-
diode measurements showed an increase with in-
creasing temperature in all detectors investigated.
Although there is no complete explanation for this
positive temperature dependence it is, at least in
part, due to an increase in the effective diffusion
length of minority carriers with increasing tempera-
ture, as has previously been shown [3].

" (2) The temperature dependence of the short-
circuit current was similar to that of the generated

current in the diffused n-p type detectors only, but
was in a varying degree non-linear and negative for
the other detectors. It is shown that this different
behavior can be explained by the influence of the
strong positive temperature-dependence of the
junction current which in the short-circuit mode
is deducted from the generated photocurrent. This
junction current is a function of the internal series
resistence R; and the junction resistarice R; of the
respective detector. With increasing resistance ratio
Ry/R;, the junction current increases and the temper-
ature coefhicient of the short-circuit current decreases.
Assuming a temperature coefficient at 25 °C of about
10 percent per °C for the junction current and about
0.4 percent per °C for the generated photocurrent,
then the temperature coefficient (ay.)ss of the short-
circuit current should become negative when the
junction current is larger than about 4 percent of
the generated photocurrent (eq (16)) or R, is larger
than approximately the same fraction of R;. These
values were confirmed by determining the resistance
ratios from the current-voltage characteristics of

the individual detectors.

(3) Values of the temperature coefficients Ba5 of
the generated photocurrent, determined by measure-
ments of photodiode photocurrents, varied approx-
imately between +0.004 per °C and +0.002 per °C
for the different detectors (fig. 6). Values of (ag.hs
for short-circuit currents changed with increasing
resistance ratio of individual detectors of different
types from about +0.004 per °C to —0.005 per °C.

(4) Detectors with larger series resistances showed a
current dependence of (ag)s decreasing with in-
creasing short-circuit currents. This can be explained
by a decrease of R; at higher forward junction volt-
ages resulting in an increase of the resistance ratio
and a corresponding decrease of (ag)2s. This explana-
tion was confirmed by the measurement of the ex-
posure rate dependence of the short-circuit current
which is also a function of the resistance ratio. For
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p-i-n (No. 2)

TEMPERATURE COEFFICIENT (agc),s
o
S
)

—.004|—
p-i-n (No I.)

Rs/R;

FIGURE 13. Temperature coefficient (a.):s at 25 °C and current den-
sity 6 X 10~7 Aem? of short-circuit currents measured with detectors
of different types as a function of the ratio of their individual series
and junction resistance Ry/R;.
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FIGURE 14. Exposure rate dependence of compensation voltage, de-
termining the short-circuit currents, as measured with silicon p-i-n
and surface-barrier type detectors at high exposure rates of lightly
filtered 30 kV x rays and at low exposure rates of '*7Cs gamma rays.

detectors with high resistance ratios, the exposure
rate dependence is linear at low current levels and
becomes non-linear at large currents.

(5) According to the above findings it is possible
to change the value of (ay):; by changing the resist-
ance ratio. By adding to a detector an additional
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FIGURE 15. Exposure rate dependence of compensation voltage, de-
termining the short-circuit currents as measured with a diffused
silicon n-p type detector at high exposure rates of lightly filtered
30 kV x rays and at low exposure rates of ¥7Cs gamma rays.

resistance of small temperature dependence, the
short-circuit currents showing a positive (ag)os can
be made nearly independent of temperature within
a certain temperature range. In the case of a neg-
ative ()5, the additional resistance must be of
the thermistor type having a strong negative tempera-
ture dependence. However, by using an additional
resistance, care must be taken that a linear expo-
sure rate dependence is retained in the range of
interest.

(6) By measuring the resistance ratio of an indi-
vidual detector, its behavior with regard to tempera-
ture and exposure rate dependence can be predicted
qualitatively.

(7) The diffused n-p type detectors showed the best
performance characteristic with regard to tempera-
ture and exposure rate dependence of short-circuit
currents. Obviously no generalization can be made
for the behavior of individual detectors of different
types. But the larger resistance ratios observed with
the other detectors seem to be typical, being due
either to large series resistances as in the case of
surface-barrier type detectors, or to relatively small
junction resistances as in the case of p-i-n type
detectors.
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