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Th e tempe rat ure depende nce of dc photocurre nts produced b y x and ga mma rays in s ili con 
radia tion detec tors of the n-p, p·i·n, and surface· barrie r type was in vestigated in a temperature range 
between 20 and 50°C. Photodiode photoc urre nt.s, assumed as being equa l to th e generated cu rre nts 
I g, showed a positive temperature dependence in a ll de tec tors inves tiga ted. Their temperature coeffi· 
c ient at 25°C varied between + 0.004 per °C and + 0.002 per 0C. The te mpe rature dependence of 
s hort·circ uit c urre nts Is,· meas ured by a compe nsa tion method , was pos itive a nd nearl y lin ear for 
n·p type detectors but nonlinear and nega tive for p·i·n and surface·barrie r type detectors. It is shown , 
th at th is diffe re nt behavior of in dividua l de tec tors is due to the influe nce of the s tro ngly temperature· 
de pe nde nt junction c urrent I j whic h under the short·circ uit mod e is dra ined off the generat.ed c urrent 
I". The junction curre nt is a fun c t.i on of the inte rna l se ri es res is tance Rs and the junctio n res istance 
Rj of th e irradi a t.ed d etector (/j= I,e R.,/Rj ). Wit.h in c reas ing res is ta nce ra tio R.,/Rj, the c urren t ratI o 
1;l ly inc reases a nd th e te ml)e rature coeffi cie nt a se of the short·circuit current decreases. Temperature 
coeffi cients (aseL-, meas ured in the d ifferent det ectors a t 25°C and a curre nt de ns ity 6 X 10- 7 A/cm' 
decreased with in c reas ing res is tance ratio from + 0.004 per °C to - 0.005 per dc. Resis ta nce ratios 
R .. /Rj of the detectors inves tiga t.ed ran ged be tween 0.01 and 0.24 approximate ly. Thus , (C< sel" meas· 
ured in a n individual detec tor ca n be changed by cha ngin g it s effective series resis tance. A decrease 
of (asel,.; with increasing Ise was obse rved in de tectors with la rger resi s ta nce ratios. This was appar· 
e ntl y du e to the voltage de pendence of R j at hi gher junction voltages produced by la rge r short-c irc uit 
c urren ts. 
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radiation de t.ector; t.emperature dependence; x rays. 

1 . Introduction 

Silicon radiation detectors operated as direct-c urrent 
measuring devices can conveniently be used for meas· 
ure ments of exposure rates of x and gamma rays larger 
than approximately 0.1 R/min [1 ,2].' Under this mode 
of operation, expos ure rates are determined by meas­
uring steady-sta te direct c urrents produced by irradi­
ation in the detec tor circuit. These radiation-produced 
signal currents, in general called here photocurrents, 
are related to th e expos ure rate of the respective radi­
ation incident on th e detector. Detectors can be used as 
photodiodes [3J when photoc urre nts are large com· 
pared with th e dark c urre nt produced without irradia­
tion by a n ex te rnal bi as voltage. Otherwise , detectors 
are operated as photovoltaic cell s [4]. In thi s case no 
external bi as voltage is applied at the detector and the 
tota l load c urrent measured under irradiation is th e 
photovoltaic photocurrent. However, its magnitud e as 
well as its temperature dependence are functions of the 
external load resistance used. It is therefore recom-

· Presenl add ress: Un ivers it y of Massachusett s, Amherst, Mass. 01002. 

1 Figures in br<wke ls indica te the lit eratu re references at the e nd of Ihi s pape r. 

mended that expos ure rates be determined by meas ur­
ing the photovoltaic short-circuit current whi ch is pro­
portional to expos ure rate over a wide range. S hort­
circ uit curre nts can be determined by extrapolating 
photovoltaic current measureme nts to zero load resist­
ance [4], but are usually approxim ated by photovoltaic 
currents measured at small load resistances [11. 

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 -circ uit currents. In previou s 
investigations [3, 4], short·circ uit c urren ts as weLl as 
photodiode photocurrents produ ced by x rays in 
diffused sil icon radiation detectors of th e diffu sed 
p-n junction type were found to in crease with inc reas­
ing te mperature varyin g approximately from 20 to 
50°C. Other authors reported si milar measurements 
with silicon radiation detectors of different types but 
differed in their findin gs. For instance, te mperature· 
independe nt short-circuit c urrents were observed in 
diffused p-n junction [5] a nd s urface-barrier type 
[1] detectors as well as in p-i-n type detectors with 
shallow lithium drifts [5, 6], but short-circ uit c urrents 
showing a negative temperature dependence we re 
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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 photoc urrents 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 c urrent. 
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 tem perature 
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 re presented by a dc current generator 
shunted by a rectifying diode of a resistance R j , 
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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 Rs. 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 Rj is a nonohmic resistance. 
According to the theory of an ideal diode, the voltage­
dependence of a current Ij passing through a diode 
junction is gi'ven by the relation 

Ij=lo [exp(qVj/kT) -1] (1) 

where Vj is the voltage across the junction, Ij the 
junction current, T the absolute temperature, k the 
Boltzman constant, q the electronic charge , and 10 
the reverse saturation current of the diode. Both Vj 
and Ij 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 

is a nonlinear function of the junction voltage Vj and 
decreases or increases with increasing voltage de­
pending on whether Vj is in the forward or reverse 
direction of the junction. However, for voltages 
Vj < < kTjq, it may be assumed that Rj is a voltage­
independent ohmic resistance 

(3 ) 

The junction resistance Rj is strongly temperature 
dependent because of its dependence on 10 which 
increases exponentially with increasing temperature 
T. At a temperature of 300 K, (~T)jq is equivalent 
to 26 m V which means that at room tem perature eq 
(3) is applicable only if Vj is of the order of a few 
millivolts. 

The internal series resistance Rs 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 Rj . 

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 Vb applied to the detector through a 
load resistance R L (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 Vb produces without irradiation a reverse 
load current, called here the dark current ID , which 
is not shown in figure 1. When irradiating the detector, 
a current Ig is generated in the reverse direction of 
the diode junction , causing an increase in the external 
reverse load c urrent. If IR is the total reverse load 
current under irradiation (fig. 1) then the photo­
current I, defined her e as the radiation-produced 
reverse current signal, is obtained as 

(4) 

In this equation it is assumed that I, IR, and ID are 
reverse currents determined at the voltage V which 
is applied under irradiation across the detector ter­
minals (fig. 1). Values of IR and ID can be obtained 

'from current-voltage characteristics of the detector 
measured with and without irradiation. If Vb= 0 or 
V = 0, then , as discussed below, ID is either a forward 
current or is equal to zero and 
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(5) 

The generated curre nt Ig is proportional to the 
number of electron-hole pairs produ ced in the detector 
by the radi ation and co llected by the elec tri cal junction 
fi eld per unit time, and is therefore proportional to 
the exposure rate_ It increases at a s mall rate when the 
junction voltage Vj increases in the re verse direction , 
the reby increasing the effective charge collecting 
volume_ However, the generated current 19 cannot 
be directly meas ured exce pt when operating the 
detec tor as a photodiode and using high bias voltages. 
Thus, expos ure rate meas ure me nts have to be based 
on th e measure ment of the photoc urrent 1 whi ch is 
usually different from I g. 

The relation between 1y and I can be obtained 
by de termining the re lation between Ig and 1R . Thi s 
can be done by considerin g the followin g equation for 
the voltages Vand Vj applied under irradiation across 
the detec tor te rminals and the diode junction respec· 
tive ly_ Ta king into account the internal seri es re­
sistance R." the n according to the equivale nt circ uit 
(fi g. 1) 

V= Vb-IRR L 

Vj= Vb - IR (R/~ + Rs) = V - [/IRs. (6) 

Due to the voltage drop produced by In across Rs , 

V and Vj are differe nt for a give n [n. Since unde r the 
dc modes Vb ~ 0 a nd 1/1 < 0, it follows from eq (6) that 
for a given III, V and Vj are forward or reverse voltages , 
i. e. , are positive or negative depending on the valu e 
of Vb. In the case of a forward biased junc tion a forw ard 
junc tion [ j is drained off th e reverse gene ra ted curre nt 
I g (fi g. 1) and 

(7) 

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

(8) 

In using e qs (4) to (8) one obtains the following c irc uit 
eq uation s for the differe nt dc modes of operation: 

(a) Und e r the photovoltaic mode, Vb = 0_ Thus, 
according to eq (6), V and Vj are positive. Therefore, 
ID and Ij , which are functions of Vand Vj respectively , 
are forward circ uits and eqs (5) and (7) are applicable 
for thi s mode. Furthermore , the voltage Vj is a function 

of Rio and Rs. Thi s means that Ij and co nseque ntly 
the photovoltaic photocurre nt (eq (7» are depend ent 
on the load resistance R", as mention ed above_ 

(b) Under the short-circuit mode, whic h is the main 
subj ect of thi s inves tigation , the short-circ uit current 
is meas ured b y a n electrical compensation method. 
Under thi s method, a reverse bias voltage, now called 
the compe nsation voltage Vc, is applied under irradia­
tion so that 

(9) 

The n the voltage drop produced by IR across the load 
res istance R" is compensated and according to eq (6) 

V=O and Vj = - /nRs. (10) 

At V = 0, the dark c urre nt I D = 0 and Vj is posItIve or 
a forward voltage because In is negative. Thus, as 
under the photovoltai c mode, eqs (5) a nd (7) can also 
be applied unde r the s ho rt-circ uit mode, noting that 
In measured at V = 0 is called now the short-circuit 
current,1se ' 

Assuming in particular that, at the s mall ju.nc tion 
voltages encountered under thi s mode, the junc tion 
resistance R j may be considered to be an ohmic 
resistance, then one obtains the junction c urrent as 

(11) 

and th e short-circuit current according to eq (7) as 

(12) 

Compared with the photovoltaic c urrent , the short­
circuit c urre nt has the advantage that it is inde pe ndent 
of R/~ and is depe ndent only on the inte rnal resistances 
R., and Rj which are characteri sti cs uniqu e to each 
individual detector. The short-circuit curre nt Ise is 
s maller than Ig but is proportional to Ig as long as the 
ratio Rsl Rj re main s cons tant. This condition is usually 
fulfill ed whe n Vj remain s wit"'in the voltage range 
of constant junction resis tance R j • According to eq 
(9), 1se can be de termined by meas urin g the compensa­
tion voltage Vc whi ch for a give n value of Ise may be 
inc reased by increasin g R/~ , there by increasing the 
accuracy of expos ure rate meas ure me nts carri ed out 
with silicon radiation detec tors. 

(c) Under th e photodiode mode Wbl > IIII IR". In 
thi s case the detec tor voltage V and the dark current 
ID are in the reverse direction, but de pe nding on 
wh eth e r WI ~ 1//lIRs, the junction voltage V; is under 
irradiation either in the reverse or the forward direc­
tion. Thu s co mbining eqs (4), (7), and (8) which a re 
apolicable to thi s mod e, one obtains the ph otodiode 
photocurrent 

(13) 

where the minus sign in the bracketed term refers to 
a reverse biased junction. A distinction is made here 
between the dark c urre nt I D determined by the c urrent­
voltage characteri stic of the detector meas ured with­
out irradiation and the current I i passing through the 
junction under irradiation. They are related to different 
voltages V and ~ res pec tively and are therefore of 
different values as shown below. 

It should be noted that in all the above circuit equa­
tions , In , I , and ID are values de termined as fun ctions 
of the detector voltage V, while Ig and Ij are related to 
the corres ponding junction voltage Vj whic h, du e to 
the voltage drop across Rj is different from V (eq (6)). 
However , when ID approaches a voltage-indepe ndent 
saturation value at larger reverse detector voltages, 
then (I D - Ij)~ 0 and I ~ I g. Th us , considering photo­
diode c urrents at larger reverse detector voltages 
and neglecting the small voltage de pe ndence of Ig 
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in the voltage interval between Vand Vj, one may with 
good approximation assume that for a given voltage 
V the photodiode current 

I=Ig. (14) 

The influence of the internal detector resistance 
Rs 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 meas ured detector voltage V, and 
by the internal characteristics (broken lines) as 
functions of the junction voltage Vj. For a given current 
In, the corresponding voltages V and Vj differ by the 
voltage drop of the current across the internal series 
resistance R s, assumed here to be extremely large. 
For given values of external bias voltage and load 
resistance, the corresponding values of In and V are 
given by the coordinates of the point of intersection 
between the external characteristic in= f(V) and the 
load line crossing the voltage axis at the respective 
bias voltage Vb, or the compensation voltage Vc in 
the case of the short·circuit current. In figure 2, Ig 
is as an approximation assumed to be voltage-inde­
pendent and consideration is given only to the behavior 
of the short-circuit current iso and the photodiode 
current I. 

When applying at the detector the compensation 
voltage Vc, then V = 0 at the detector and I D = 0, and 
the measured current is equal to the short·circuit 
current Ise. But, as discussed above, Ise < Ig because 
due to the corresponding voltage Vj, a forward current 
Ij is deducted from Ig. If a reverse bias voltage I Vb I > 
I Ve I is applied, the detector voltage V will be in the 
reverse direction. At small reverse voltages, Vj and 
I j are in the forward direction but decrease and change 
into the reverse direction with increasing reverse 
voltage V. Then the respective photodiode photo­
current I is obtained from the external characteristics 
as the difference between IR and ID at the voltage V. 
The generated current Ig is read from the internal 
characteristics as the difference between the respec­
tive current In and the junction current Ij at the 
voltage Vj corresponding to V. As long as the dark 
current ID does not achieve saturation, Iv> Ij, and 
consequently 1 < Ig. It is obvious from figure 2 that 
Vj and Ij cannot be obtained from the measured 
external characteristics unless Rs 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
me nts 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 

LOAD LI NE 
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RE VE RS VOLTA E 

V Vb 

~ ' IGURE 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 Vj (broken Lines) respectiveLy. 

with surface areas of 2.1 cm2 and 0.3 cm2 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 a·cm p-type silicon. 

For measurements with x rays, detectors were 
mounted in a metallic vacuum-tight container 2 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 10- 5 torr. For measurements 
with y 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 
aluminum 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-

~ Th e melalli c conlainer was origina lly designed in connec tion with a previous investigation 
r31· 
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FI GU RE 3. Mounting of radiat ion detector in vacuum·tigh t metallic 
container. 

(a) Dryi ng o ven; (b) melall ic container: (c) re movable lead dia ph ragm: (d ) Ihin AI -wi ndows 
fo r e nt ra nce and exi l of rad ia lioll be a m: (e) Bake li te rod with meta lli c supporting r ing: 
(f) de tec tor: (g) the rm istor thermom ete r probe. 

lized cons tant voltage s uppl y, and a I:l7Cs y-r ay source. 
Short- circ uit c urre nts were meas ured by a co mpe n­

sation me thod [8J. C urrents observed under the photo­
diode mode of opera tion were determin ed by pote ntio­
metri c meas ure ment of the voltage drop across a 
known load resistance. 

4. Tempera ture Dependence of 
Photocurrents 

The temperature de pende nce of short-circ uit 
currents and photodiode photocurre nts measured with 
silicon radiation det ectors of different types in a te m­
perature ra nge between 20 a nd 50 °C is s hown in 
fi gure 4. Photoc urre nts are given in relative values 
and are normalized to unity at 25°C. Measure ments 
were made with lightly filtered 100 kV x rays at an 
approximate expos ure rate of 8 R/min. Photodiode 
photocurrents determined at a bias voltage of 10 
V were obtained from c urrent-voltage characteri sti cs 
measured a t different te mperatures. 

Short-circ uit c urrents (solid lines) as well as photo­
diode photocurrents (broken lines) measured with a 
diffused n-p type de tector show a positive te mperature 
de pendence a nd increase with increasing te mpera­
ture. For the other detectors inves tigated , photodiode 
photo-curre nts also s how a positive te mperature 
de pendence, but s hort-circ uit curre nts decrease at 
varying rates with increasing te mperature. The p-i-n 
detector (No.2) s hows a ver y small te mperature 
de pendence for the short-circ uit current. But short­
circuit c urrents m easured with the p-i -n detector 
(No.1) and the surface-barrier detector show a s trongly 
negative te m perature dependence. 

Photodiode photocurre nts shown in fi gure 4 were 

measured at relatively s mall bias voltages. One may 
therefore assume that charge collection under the 
p hotodiode as we ll as under the sho rt-circ uit mode 
.of operation was mainl y achieved by di ffusion of 
minority carriers from the detector base into the de ple­
[ion region. Thu s, the qualita tively different be havior 
observed under different modes of operation can 
apparently not be explained by different intrinsic 
electronic properti es of individual detec tors, such as 
mobility and life time of minority carri ers_ An expl ana­
tion has rather to consider the de pende nce of the short­
circuit c urrent on the s trongl y tempera ture-d e pe ndent 
junction current which is a fun ction of the internal 
series and junction resis tance of each individu al 
de tector. 

5. Temperature Coefficients of 
Photocurrents 

In order to compare the te mperature dep endence 
of photocurrents meas ured with detectors of different 
types, the te mperature coeffi cie nt a of the photocur­
re nts at a given te mperature is considered here . 

In th e case of a forward biased junction , as e n­
countered under the photovoltaic a nd short-circ uit 
mode, the te mperature coeffi cie nt a can be derived 
from eq (7). If a , f3 , and y are the te mperature coeffi ­
cients of I , Iy, and Ij respectively, de fin ed as 

a = (dI/dT) /I ; f3 = (dly/dT) /Iy; y = (dI)dT )/lj 

th en by differe ntia tion of eq (7) one obtain s 

or 
a= (f3Iy- yl j )/I 

a ~ 0 if (/y/lj) ~ (y /f3 ). 
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F IGURE 4 . 1'ernperature dependence oj short-circuit currents (so Lid 
Lines) and plw todiode pll.Otocurrents (broken lines ) produced 
by lightLy fi ltered lOa kV x rays in silicon radiation detectors of 
different types. 

The reverse bias voltage used for the measurement of pholodiode pholocurn:nls was 
v" = 10 v. 
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The temperature ceefficient f3 of Ig as derived from 
photodiode current measurements (fig. 4) is positive, 
and so is the temperature coefficient of I j which 
increases rapidly with increasing temperature. How· 
ever , the temperature coefficient a of photocurrents 
I can either be positive or negative depending on the 
value of the ratio (Ig/IJ 

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

(18) 

which is dependent only on parameters characteristic 
of the individual detector. The temperature coefficien t 
a sc of the short·circuit current is smaller than the 
temperature coefficient f3 of the generated photo­
current because y is positive and much larger than f3-
The contribution of y to the value of a sc can also be 
derived as a function of the temperature coefficients 
of the internal resistances_ By differentiation of eq 
(12) one obtains 

if OJ and Os are the temperature coefficients of the 
junction and series resistance respectively and a re 
defined by relations similar to those given in eq (15)_ 
The value of OJ is negative but Os can be positive or 
negative depending on the structure of the detector. 
Equation (19) is similar to eq (18) but here a sc is a 
function of the ratio of R" and the zero-voltage re­
sistance (R s + Rj ) which is equal to the slope dV/dlD 

at V = 0 of the external characteristic I D = f( V) shown 
in figure 2_ 

In the case of a reverse biased junction , as in tht' 
photodiode mode, eq (16) could be used for values 
of I measured at small voltages by substituting (ID - Ij) 
for h However, for large voltages, one can assume 
that 1= Ig. In this case the temperature coefficient 
a of the photodiode photocurrent may be assumed to be 
equal to the temperature coefficient f3 of the generated 
current. 

6. Measurement of ex 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 Ij which is determined by the voltage 
Vj existing across the junction under irradiation. In 
order to verify these relations, the dependence of the 
temperature coefficient a on different parameters 
influencing Vj (eq (6)) was investigated_ Measurements 
were carried out with the same detectors that were 
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F' IGURE 5_ Temperature dependence of ph ococurrellls produced by 
lightly filtered 100 kV x rays ill a surface-barrier detector at 
different delector voltages. 

used for measurements shown in figure 4. If not other­
wise stated, measurements were carried out with 
lightly filtered 100 k V 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. 
V oltages V existing at the detector under irradiation 
and corresponding photocurrents were derived from 
reverse current-voltage c haracteristics 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-c ircuit current at V = 0, 
changes gradually with increasing V into the positive 
temperature dependence of the photodiode photo­
current. The temperature coefficient at" 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 at;; as a 
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fun ction of V. Values of 0'2:; for short- circuit currents 
(V = 0) a re either positive or negative but change 
with increasing V into pos itive values becomin g 
approxim ately cons tant a t hi gher voltages. For th e 
diffu sed n-p type detec tor (2. 1 c m2 ), 0!25 is nearl y 
vo ltage-indepe nd ent ove r the voltage ran ge investi­
gated . Constant values of 0'25 a re reached a t rela tively 
s ma ll voltages of th e orde r of one volt for all de tectors. 
Appare ntly at this point 1= 111 and 0'2:; beco mes equal 
to th e tempe rature coe ffi c ie nt of (32.-. of th e gene ra ted 
photoc urrent 111' Th ese "pla teau" values of 0'2'-. a re of 
the sam e order of magnitud e for th e differe nt. de tec tors 
bu t differ s lightl y apparently du e to diffe re nces in 
electronic properti es of individu al de tec tors. 

(b) Series resis tance. In order to change the effective 
series r esistance of a detector , additional res ista nces 
R; were inserted in the circuit as shown in fi gure l. 
These res is tances with a negli gible te mperature 
coe ffi cient were not incorporated in th e de tector and 
were always ke pt a t room te mperature. Then photo­
curre nts meas ured a t V = 0 can be assumed to be a p­
proxim ately equal to th e short- c irc uit c urrent I~e 
of the r espec ti ve de tector havin g an internal res istance 
CR.,+ R;)_ 

Th e te mperature depe nd ence of l ;c measured with 
the diffu sed n-p type de tector a t constant expos ure 
ra te is shown in fi gure 7 as ' a' fUll c tion of R.; . Photo­
curre nts a re again given in relati ve valu es and the 
slope of each c urve at 25 °C is the te mpe ra ture coeffi· 
cie nt of I~e measured with th e res pecti ve additional 
res is ta nce R;. F or R.: = 0 , the te mperature coeffi c ient 
of J~c is positive a lid decreases with in creas ing_ R~ 
cha nging to negative valu es a t larger R;. This behavior 
is in agreeme nt with eq (17) beca use a t constant 
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FI GURE 7. Temperatu re dependence of short-circuit currents I;c pro­
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F I GURE 8. Dependence of (I;cl - ' on addi tional series resistance R: 
at different temperatures derivedfrom measurements with a diffused 
silicon n-p type detector. ' 

expos ure ra te, I. e., cons ta nt l v, a nd co ns ta nt voltage 
V= 0, the junction voltage in creases with in creasing 
R.: th ere by in creas ing Ij a nd decreasing the ra ti o 111/ h 
Th e te mpe rature depend e nce of 1;c is s imilar to th at 
of photovoltaic c urrents measured with diffe re nt 
load resistances [4]. 

The short- c ircuit c urre nt of the n-p type de tec tor 
can be made nearly temperature-independe nt within 
a certain te mperature r a nge by addin g a suitable 
seri es res istance R; as sho wn in fig ure 7. Thi s optimum 
resis tance can convenientl y be de termined by usin g a 
relation de rived from eq (12) : 

O /l ;c ) = (R j + Rs+ R:)/ UoRj) = (1/ /se) + R;/ (JuRj) 

(20) 

where I~c and Ise are the short-circuit c urre nts meas· 
ured with and without an additional resistance R,: _ 

According to eq (20) , at con sta nt expos ure ra te a nd 
constant te mperature (l~e)- I is a lin ear fun cti on of 
R; pro vided that Rj re main s cons t.a nt. Gra ph s of 
(/ ~c ) - I as a fun ction of R; whic h we re derived fro m 
measurements shown in fi gure 7 are given in fi gure 8 . 
Graphs are linear for all temperatures indi cating th at 
over the resistance ran ge investigated th e junc tion 
res istance Rj re mains co nstant a t each te mperature. 
The change from a positive to a negative te mpera ture 
depe ndence of 1;0 with increasin g R; is indicated by 
the crossing of th e lines. They do not cross at a single 
point , but points of inter section are s pre ad over a 
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small range of resistances R; for which the tempera­
ture dependence of I se is very smalL 

Similar measurements were carried out with the 
other detectors with qualitatively similar results_ With 
increasing R;, a25 decreases and becomes more 
negative_ Graphs determined for the surface-barrier 
type detector shown in figure 9 indicate this change 
in temperature dependence of I~e but do not show 
an intersection because at R~=O, (ase h5 is already 
negative_ At lower temperatures, these graphs are 
nonlinear indicating that the junction resistance R j 

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 j 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 (J~e) - 1 versus R; are linear 
(fig. 10), but become nonlinear when the detector is 
irradiated with lightly filtered 240 k V 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 coefficients 
(aseb of short-circuit currents measured at 25 °c 
with detectors of different type and size at different 
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detector. 

8 
5.0x10 

4.0 

'<1: 
3.0 

, 
u 

- '" :::. 
2. 0 

_p-i-n (No.2) 

-
42.2° 

38.6° 

32.5° 

28.2' 

21.S0 

o ~o------~------~----~~----~~----~ 
kD. 
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kV x rays at an. approximate e-rposure rate 0/0 .6 R /mill . 

current levels are shown in figure 12. In order to make 
measurements for detectors of different areas more 
comparable, (asJ25 is shown as a function of short­
circuit current density, considering that in the case of 
a fully irradiated detector, Ig and Ise , as well as Ij 

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- 9 A/cm2 were pro­
duced by 137CS gamma rays. The quality of radiation 
may be assumed to have only a negligible influence on 
the temperature dependence of Ise. 

Values of (aseb of Ise remain approximately con­
stant for the diffused n-p type detector (0.3 cm 2) 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 de tector (No_ 1) and for the sun ace-barrier 
type detector, (ase h5 decreases marke dly with increas­
ing short circuit current. This negative current depend­
ence of (ase) 25 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 Rj 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 (aseb of short-circuit currents can be obtained 
by determining the resistance ratio Rs/Rj and the zero-
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F IGU RE 11. Dependence of (1;c) - 1 on additional series resistance R; 
measured with p-j ·n type detector (No .2), /Ising lightly fil tered 240 
kV x rays at an approximate exposure rate oJ 65 R/min. 

voltage resistance (Rs+ Rj) of a det.ec tor from its meas­
ured curre nt-vo ltage characteris ti cs. From th ese va l­
ues, the se ri es res is tance Rs and the junction resistan ce 
Rj can th e n be calc ulated. According to eq (12), RsIRj 
can be obtain ed from the ratio Ifli l se where Ise is the 

I meas ured short-c irc uit current and I fl is th e ge n­
erated photocurrent at V = 0 which is deri ved from 
photo diode photoc urre nts meas ured at de tector volt­
ages of a few volts by ex trapolati on to zero detector­
voltage. This extrapolation was based on the meas ured 
voltage-dependence of Ig which for all de tectors 
inves tigated was found to sati s fy the relation [3] 

(Iy)v = a+b(V+Vo)I /2 (21) 

where (/y)v is the generated current at the detector 
voltage V, a and b are constants, and Vo is the built­
in pote ntial difference across the junction, assumed 
here as an approximation to be Vo= 0.5 V. 

Resistance values dete rmin ed in this way for the 
differe nt detectors inves tigated, and the respective 
temperature coefficients of short- circuit c urre nts are 
given in table 1. Values of (ascl ~5 at a s hort-c ircuit 
density of approximately 6 X 10- 7 A/cm2 were taken 
from curves shown in fi gure 12. The high series re­
sis tan ces of the surface-barri er type and th e p-i-n 
type de tec tor (No.1) may be due to surface oxide layers 
or nonohmic contac ts on th ese de tectors . The relative 
low junction res is ta nces of both p-i-n type de tec tors 
may be explained by an inhomogeneous distribution 
of lithium ions formin g low-res istivity channels shunt­
ing the junc tion field region. It should be noted that 
measured values of Rs and Rj are effective values 
which are determined by a combination of different 

'series and shunt resistances not specifically co nside red 
here. 

According to table 1, and as s how n in fi gure 13, (ase h5 
is not changing in a way si milar to that of the indi­
vidual values of Rs or Rj, but decreases monotonically 
with the increasing ratio of th ese resistances. This 
result is in agreement with eq (18), though according 
to this equation a lin ear dependence of (aseh; on 
RsIRj may have been expected. Th e nonlin earity of 
the relation between (aseh:; and the resistance ratios 
as shown in figure 13, may be due to differing tempe ra­
ture coefficients f3 and y of the c urrents I f} and I j in 
individual detectors and to the voltage dependence of 
Rj at higher junc tion voltages . Junc tio n voltages 
(Vj=IseRs) calculated for the diffe rent detectors in ­
vestigated are shown in table 1. At th e given curre nt 
level , the junction voltages Vj in the n-p type detec tor 
and the p-i-n type detector (No.2) are rather s mall. 
However, for the p-i-n type de tector (No_ 1) and the 
surface-barrier type de tector, values of Vj are mu c h 
higher and in such a range that Rj and R.JRj may be 
assumed to be voltage de pe nde nt. Thi s confirm s the 
explanation give n earli er for the current dependence 
of (ase )~5 observed with these detec tors . It should be 
note d that in such cases, values of Rj determining the 
zero voltage resis tan ce (R s+ Rj ) and those determin­
ing the current ratios Iflil se are different. Thu s, th e 
" true" values of the zero-voltage junction resistan ces 
Rj may be larger, and the values of th e correspo nding 
seri es resistances Rs and res istance ratios f{ sf f{ j may 
be smalle r than those given in table 1 and used in 
figure 13. 

7. Exposure Rate Dependence of I se 

The value of the temperature coeffi cie nt of the short­
circ uit curre nt Ise (eq (18)) has been derived from eq 
(12) showin g th e dependence of Ise on the res is tance 
ratio RsIRj • He nce, any voltage dependence of Rj 
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TABLE 1. Temperature coefficients (a se h5 of short­
circuit currents measured in siLicon radiation de­
tectors at 25°C at a current density of 6 X 10- 7 

Alcm2 , and detector data 

Detector type 
It em 

n-p p-i-n Surface p-i-n 
(No.2) B. (No. 1) 

(ascb ... ... (0C)- I ... + 0.0040 - 0.0002 -0.0033 -0.0047 
Area . . .. , .. . . cm2 .. 0.3 1.1 2.3 2.5 
R.JRj ... ... .. ....... 0.011 0.044 0.092 0.245 
(Rj+ R.,) ..... . Hl ... 830 147 866 61 
Rj .. .... ...... .. k!1 .. 821 141 793 49 
R., .............. k!1 .. 9 6 73 12 
Vj .... .. . . ..... mV .. 1.6 4.0 100.7 18.0 

should influence Ise as well as (asc h5. In orde r to 
prove this point , measurements of the exposure rate 
depende nce of Ise, were carried out for the different 
de tectors as shown in fi gures 14 and 15. For s mall 
short-circ uit c urrents produced by mcs uamma 
rays, l se is a lin ear fun ction of exposure rate fo; all de­
tectors . Howeve r, for large short-circ uit c urre nts pro­
duced at high exposure rates of lightly filte red 30 kV 
x rays obtained from a beryllium window-type tube , the 
exposure rate de pendence of Ise is non-linear for de­
tectors wh ic h have a high resis tance ratio and show a 
relatively large curre nt de pende nce of (aseh 5 (fig. 14). 
This nonlinearity can again be ex plained by the in­
crease of RslRj with increasing exposure rate , i.e., 
increasing short-circuit c urrent , due to the voltage 
depende nce of R i . According to eq (12), Ise remains 
proportional to If!, i.e_, to exposure rate, only as long as 
the resistance ratio RslRj re mains constant. Short­
circuit c urrents observed with the p-i-n type detector 
(No.2) (fig. 14) show only a slight deviation from a 
linear expos ure rate depe nde nce, but for the n-p type 
detector (2.1 c m2) which had a resistance ratio of about 
0.015 , Ise is proportional to exposure rate over the whole 
range in vestigated (fig. 15). 

8. Summary and Conclusions 

The following conclusions can be drawn from this 
investigation of the temperature dependence of 
photocurrents produ ced 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 photoc urrents 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 
le ngth 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 de tec tors. It is shown that this differen t 
behavior can be explained by the influe nce of the 
strong positive temperature-depe ndence of the 
junction current which in the short-circuit mode 
is deducted from the generated photocurrent. This 
junction current is a fun ction of the internal series 
resistence R., and the junc tion resistance Rj of the 
respective detector. With increasing resis tance ratio 
Rsl Rj, the junction current in creases and the temper­
ature coefficient of the short -circuit curre nt decreases. 
Assuming a te mperature coefficient at 25°C of about 
10 percent per °c for the junction c urrent and about 
0.4 percent per °c for the generated photocurrent, 
then the temperature coeffi cient (ase h5 of the short­
circuit c urrent should become nagative 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 Rj . These 
values were confirmed by determining the resistance 
ratios from the current-voltage c haracteristics of 
the individual de tectors . 

(3) Values of the temperature coeffici ents f3 25 ot 
the generated photocurrent , determined by meas ure­
ments of photodiode photocurrents, varied approx­
imately be twee n +0.004 pe r °c and +0.002 per °c 
for the different de tectors (fi g. 6). Values of (asck, 
for short-circuit curre nts 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 res istances showed a 
current dependence of (aseb decreasing with in­
creasing short-circuit c urrents. This can be explained 
by a decrease of Rj at highe r forward junction volt­
ages res ulting in an increase of the res istance ratio 
and a corresponding decrease of (asclz5. This explana­
tion was confirmed by the measure ment of the ex­
posure rate dependence of the short-circuit c urrent 
which is also a function of the resistance ratio. For 
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F IGU RE 14. Exposure rate dependence oj compensation voltage, de­
termining the short-circuit currents, as measu.red with silicon p-i-n 
and surJace-barrier type detectors at high exposure rates oj lightly 
jiltered 30 k V x ra ys and at low exposure rates oj ""Cs gamma rays . 

detectors with high res is tance ra tios, the exposure 
rate de pendence is linear a t low c urre nt leve ls a nd 
becom es non-lin ear at la rge currents . 

(5) According to the above findin gs it is possible 
to c hange the value of (o- scb by cha nging the resis t· 
a nce ratio. By adding to a de tec tor a n additional 
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FI GU R E 15. Exposure rate dependence oj compensation voltage, de· 
termining the short·circu.it currents as measured with a diffused 
silicon n·p type detector at high exposure rates of lightly filt ered 
30 kV x rays and a.t low exposure rates of 13'CS gamma rays. 

resistance of small temperature de pe ndence, the 
short-circ uit currents s howing a positi ve (o-scb can 
be made nearly inde pendent of te mperature within 
a certain temperature range. In the case of a neg­
ative (o-sch 5, the additiona l r es istance mu st be o[ 
the thermistor type having a strong negative te mpe ra­
ture dependence. However, by using a n additional 
res istan ce , care mus t be ta ken that a lin ear ex po­
sure rate de pe nde nce is re tained in th e ran ge o[ 
interest. 

(6) By measuring th e resis ta nce ratio of an indi­
vidual de tector , its be havior with regard to te mpe ra­
ture and exposure rate d e pende nce can be predic ted 
qualitatively. 

(7) Th e diffu sed n-p type de tectors showed th e bes t 
performan ce c haracte ri sti c with regard to te mpera­
ture and exposure ra te depe ndence of short-circ uit 
curre nts. Obvious ly no generalization can be made 
[or the be havior of individual de tectors of differe nt 
types . But th e la rge r resis tan ce ra tios obse rved with 
the othe r detectors see m to be typi ca l, being due 
either to la rge seri es res istances as in th e case of 
surface-barri er type de tectors, or to re lative ly s mall 
junction resistances as in the case of p-i-n type 
de tectors. 
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