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The response b % rays of silicon radiation devectors of the p-n junciion type was investigaied with
specizl conaideration of their dependence on the applied voltage.  In agreement with (heory, the photo-
current, fp. was found Lo consist of a voltage-independent part mainly detecmined by the averge dil-
fugien length of minorily cammiers in the base layer, and o voltege-dependent part which is proportional
1o the width of the depletion region, ar.  Due to the voltage dependence of w, I, increases with increds-
ing voltage applied. hut i relative change produced by different voltages is independent of expusure
rate and quality of radiation. Exposure rate and energy dependence of §; expressed in ralative velues
are thue independent of applied vollage. Silican radiation delectors, used as phowdiodes can there-
fore be useful for mondtoting of radiations at exposure races langer than 1 Afmin, taking adventage of
the possibility 10 increase current sensilivity by increasing the voltage ¥ and to increase the voltags
signal by increasing the load resistance Kp. There are however limitations in increasing F and R
becanse of the increastng noise wilh increasing dark curmrent and some dependence of meassured curreni
signals on Ri. The temperature coafficient of f; is positive and independent of B, but shows aome
small volvage dependence, In the temperaiane vange between 25 and 50 °C, the average temperatute
eocfiicient is approximately 0.35 pereent per degree centigrade, A value of the average diffusion length
of mingrity carriers in the base layer has been derved lrom the meesured voltage dependence of [
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1. Intreduction

In a previous paper [1]? (hereafter referred to as
part 1} an investigation was reported of the steady-
state response of silicon radiation detectors of the
difiused p—n junclion type to X rays when operaled as
photovoltaic cells. This paper reports an inveshiga-
tion of the steady-state response of such cells to x rays
when operated as photodiodes.  Both investigations
were cartied out in order to examine the suitability
of such cells for exposure rate measurements of x rays
and to obtain information leading to the esiablishment
of optimum condilions for design and operation of
such cells when used for x- and gamma-ray dosimelry,

Under the photodiode mode of operation, as well
as in the case where the detector is operated as a
photovoltaic cell, a photocurrent is generated by ir-
radiation in the reverse direction of the detector which,
for a given quality of radiation determined by its spec-
tral energy distcibulion, is propertional 1o the exposure
rate. Under the phoiovoltaic mode of operation, no
external voltage is applied to the detector.  But under
irradiation. the detector becomes biased in the for

' Work supported o part by the U5 Alomic Enery Cusnmisaien.
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ward direction, causing part of the generated photo-
current to leak back through the detector in the
forward direction. The current measured in the
external circuit is equal ta the difference of the gen-
erated photocurrent and the leakage current, and is
thus strongly dependent on the corrent-voltage char-
actertstic of the detector and the external load
rasistance.

Under the photodiode mode of aperation, the de-
tector 1z biased in the reverse direction by an ex-
ternally applied voltage. The tatal current measured
under irradiation is equal to the sum of the dark
current produced by the bias voltage without irradia-
tion and the generated photocurrent. The full value
of the generated photocurrent can thus be deter.
mined by measuring the increase in reverse current
produced by irradiztion. This is usuwally done by
measuring the change m voltage drop aver a known
load resistance, and this voltage signal can be inereased
over a wide range by inereasing the load resistance,
thereby increasing the sensitivity of measurements.
The pholocurrent measored under the photodiode
mode of operation is not determined by the junction
leakage corrent, as is the case under the phatovoliaic
made of operation. Its value and temperature de-
pendence should therefore be independent of the size
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of load resistance used. How far this ideal per-
formance is obtained with silicon detectors will be
discussed below. Special consideration is given in
this paper to the voltage dependence of the generated
photocurrent, which increases with increasing bias
voliage, thereby increasing the radiation sensitivity
of the detector.

Measuremenls were made of (&) the performance
characteristics of silicon radiation detectors operaled
as photodiodes when irradiated with x rays, and of
{b} the voltage dependence of the generated photo-
current at different values of exposure rate, detector
temperature, and phoion energy.

2. Thearetical Considerations

If a reverse voltage is applied to a p-n junction type
silicon detector, the main part of the voltage drop
inside the silicon wafer appears across the width of
the depletion region. That means that, also under the
photodiode mode of aperation, the electric field in the
base and surface layer outside the depletion regien may
he assumed io be negligibly small. Current carriers
produced outside the depletion region are collected by
the electric junction field by diffusien only and form,
together with carriers produced by radiation inside the
depletion region, the generated photocurrent fp.  One
can, therefore, apply the relation for I (eq (1}), which
was denved in part 1 [or the photovoltaic mode of
operation, considering a one-dimensional model of a
p-r junction detector with a p-type hase layer and an
n-type surface layer (fig.1):

I.=5*‘tf—g'exp (= w1 — (1 — e’}

4

exp{— )+ uly'] ampere {1}
where &, is the cacrier generation rate or the number of
carriers produced per em® per second at the irradiated
silicon surface, and is given by the relation (eq (Al6)
in part 1]:

— B6.9pien
£ €{fhan! Plair (AX/a6).

In eqgs (1) and (2), g is the electronic charge in coulemb,
Ay the irradiated silicon surface area in em?, g2 and ps
the linear attenuation and energy absorption coefh-
gients respectively of x rays in silicon in em=?, (fenf@)ur
the masa energy absorption ecefficient of x rays in air
in g 'em?, d; the thickne=z of the surface layer, and w
the width of the depletion region in cm, € the average
eleciron-hole pair production energy in ergs, and AX/As
the exposure rate in Kfsec. The quantities L; and
L. are the effective diffusion lengths defined in part 1
[13. which are functions of the atienuation coefhicient
. and of the elecirical properties and geometrical
dimensions of the silicon wafer used in the detector.
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For the detectors investigated, it may be assumed
that dufle ¥ 1, and dif Ly < 1, if &b and gy are the widths
of Lhe base and surface layers respectively (fig. 1) and
Ly and Ly the average diffusion lengths of the minoty
carders determined by their lifetime 7 and diffusion

constant & (L =%D7). Assuming further negligible
surface recombination on the base contact, one can
substitute in eq{2)

- Lﬂ M Jﬂ
L= L1 =TT, Ay, %
and obtain [1]
_gdng . _exp {(— o) udd
=Y n ey - a1~ SER L M
{4

if 5, and D, are the surface recombination veloeity and
the diffusion constant of holes in the n-type surface
layers respectively and L, the average diffusion length
of elecirons in the p1ype base layer,

A characteristic feature to be considered under the
photodiode mode of operation is the voltage depend-
ence of f;, Under the photovoltaic mede of operation
[1], the voltage dependence of Iy was neglecied becausze
radiation-produced forward voltages were of the
order of a few millivolts only. However, when oper-
ating the detector as photodiode, bias voliages of
several volis are applied. With increasing voltage,
the width i of the depletion region is increazed, while
the effective diffusion lengths of the minority carriers
remain oochanged, provided the previcusly made
assumption of feld-free diffusion regions is valid.
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The charge collecting volume iz thus iocreazed and
extended deeper into the silicon crystal {fig. 1), and
according to eq (4), J; is increased as well

The voltage dependence of the widih of the depletion
region is given by the relation [2]

wr= ity (F+ Fg)™ i5)

if wnr is the width of the depletion region at the voltage
V applied at the detector during irradiation, ¥ the
potential  difference (barrier height) at the p-n
junction at =0, and wy the width of the depletion
region at (F+¥Fi=1Y¥Y. The power exponent m
is= dependent on the distribution of impurities in the
transition region and haz valoes between 143 and 172

In diffused p-a junciion detectors of the type in-
vestigated, wy is of the order of 1072 cm. Therefore
[or x rays, except for very low photon energies and high
bia= voliages, one can assume pw €1 and substitute
in eq {4) as an approximation exp {— puwi=1-— pw.
Furthermore, it may be considered that the sorface
layer thickness d iz of the order of 1 to 2u, and is
negligibly small compared with the diffusion length
Lo of electrons in the ptype base layer, which is of
the order of a few hundred microns. One can there-
fore neglect the absorption of radiation in the surface
layer and the enrrent contribulion by carriers prodoced
in this layer, which is further reduced by the sirong
surface tecombination of minority carfiers at the
surface contact.

Under these assomptions one obtains from eq (4)
and {5k

Igr=a+ b}+ Fy™ i)

if {fg is the generated currem at the applied voltage
Fand
a={gd gL oL+ 1); b= g pgaren (L~ 1) -

Equation (6) gives a simple interpretation of the
voltage dependence of f,, showing that fy consists of
a voltage-independent part e formed by carriers col-
lected by diffusion, and of a voliage-dependent part
YV + Fom due 1o carriers produced inside the deple-
ilon region.

Both constants ¢ and & are dependent on exposure
rate and quality of radiation due to their dependence on
& and g, and are proportional to the irradiated surface
area Az. However their ratio

bla=wunfLy

is independent of these parameters and only deier-
mined by the electronic properties of the silicon wafer.
Equation () can therefore be written as

(gl = aky (8)

if ky iz called the voliage factor at the voltape P given as
by =1+ {dlal(¥F + Fy)* = 1+ fuy /L + F, i9)

For the detectors investigated one can assume
= 0.5 [3] and obtains [or the volisge dependence of I

Ay adngaw
&y _ _gdagawn s
&V uda+ 0 T

For a given radiation, the voltage dependence of [,
decreases with increazing voltage V.

The diffusion part a of the generated photocurrent
may alan show a voltage dependence if high bias voli-
ages are applied, for the following reasons: By increas-
ing ¥, the depletion region is extended, pushing Lhe
diffuston region deeper inie the silicon wafer. The
width o, of the base layer remaining outside the deple-
tion region is thereby reduced, and the ratic /Ly is
decreazed {Ag. 1. For values smalier than approxi-
mately do/l. =3, the effective diffusion length Ly will
markedly decrease with decreasing valuea of &L [1]
Luwill become amaller than the value given by aq {3},
and conzequently f; and dfy/d} will be different from
values obtained {rom eq (8) and (10). This effect,
however, need not be considered in this investigation,
hecause of the dimensions and electric properties of
the detectors investigated and the moderate bias voit-
ages apphied.

(16}

3. Experimental Procedure

The silicon radiation delectors investigated were of
the =same type as those used in the measurements
reported in part 1. They were commercially available
encapsulated detectors of the diffused p-n junction
type made of 1003 D-em ptype silicon with an s-type
surface layer on the irradiated side. The surface was
protected by a one-micron-thick aluminom layer and
was covered with additional aluminum sheets of a 1otal
thickness of approximately 325 u, in order to approach
electron-equilibnium conditions in the charge-collecting
volume for the types of radiations used.

The x-ray sources were a 230-kV tube and a 50-k¥
beryllium-window-type tube with an inherent filtration
of approximately 4.0 mm Al and (.25 mm Be, respec-
tively. The x-ray tubea were tungsten targel tubes
operated by stabilized constant veltage supplies.
Different filtration was used as described in part 1 for
obtaining different qualities of radiations. Exposure
rates of x-rays were measured with calibrated R-
meters, excepd in the case of low-energy radiations
nbtained from the 50-kV x-ray tube, which were meas-
ured with an NBS freg-air chamber. 1f not otherwise
stated, the x-ray beam was collimated as described
in part 1, so that only the free sensitive surface of the
detector was hit by the radiation.

Dark current and total current under irradiation
ware determined by measuring the voltage drop over
a known load resistance (fig. 1) by a null method nsing
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a potentiomeler. For measurements of small volt-
age signals obtained with small load resistances, a
d-e amplifying microvalt-ammeter of known ampli-
fring ratic was used in measuring the amplified voli-
age output by a nuoll method. The photocurrent or
current signal was determined from the difference of
vollages measored with and without irrediation.
Only moderate bias voliages were applied to the de-
tectors in order te avoid the increased noise and insia-
bility of the dark current observed at higher bias
voltages.

Capacity measurements were carried oot with a
standard-type capacity bridge.

4. Results and Discussion of Measurements
4.1. Performanga Characteristics

The performance characterislies of a silicon p-n
junction radiaiion detiector when operated as a photo-
dicde is shown in figure 2. The detector had & free
surlace area of approximately 5 mm® and was fully
irradiated with 30-k¥ x-rays of 0.09 mm Al half-value
layer {(HVL) at different expoaure raies.

When the detector is being ircadiated, the penerated
photocurrent f, is added to the reverse corrent Iy
produced by the applied bias voltage Fp without ir-
radiation, also called the dark eorrent. The current-
vollage characteristic is raised and the wvertical
distance between the current-voltage characteristic
chtained with and withoot irradiation is equal o f,
which is propertional ta the exposure rate. The de-
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FIGURE 2. Reverse current-poltage chargeioristics of @ silicor radia-
tion detectar of the diffised pn junctian type measured withont
irradiglion and when fufly irradiated with 30 kF x reys af 0.040 sem
Al HVL ot different exposure rates with load lines indicored for

twe different logd resiniances.
[rrsimie-d v ll surlmee aren Ay =30 mmd.

tector can thetelore be used for exposure rate meas-
urements by determining !, or any other quantity
linearly related to it. How far this can be achieved
will be discussed frst.

At a certain bias voltage ¥y, the voltage ¥ applied
ar the detector is dependent on the load resistance
and is, as indicated by the load lines in figere 2, at a
certain current [

F=F,—IR,.

By irradiation, the reverse current is increased and ¥
decreases by the additional voltage drop in the load
resistance. 1This means lhat cuerents obtained with
and without irradiation, are measured at different
detector voltages.

For an ideal photediode, it is assumed that the dark
current reaches a  wvoltage-independent saturation
value at a voltage of a few volts and that £, is voltage-
independent. In this case, the current and voltage
signals produced by irradiation are

Af=1,: AF =R, (1L

By increasing the lcad resistance R, the voltage sig
nal AF can be increased, theoretically withour a
limit, and this simple way of signal-amplilving is the
main advantage in the use of photodivdes.

However, the assumptions made for an ideal photo-

diode cannot be applied te silicon p-r junction de-
testors. The dark current in a silicon detector does
not reach a zatpration value, but increases monot-
onously with increasing wvoltage. and the generated
phatocurrent shows a small valtage dependence. 1F
(fa)r is the total current measured under irradiation
at the voltage ¥, and (/o) the dark current at the

voltage ¥y, then the current and voltage signals are

Af ={leh —{Inhry; AV = KAl {12
but Af is now different from f,, as seen from fgure 2.

The relation between §, and’, Al can be derived from
figure 2.  Assuming, for instance, K, =10}, and an
exposure rate of 96 Rfmin, the values of ¥ and Vo
were obtained from the interseclions of the loadline
for 1{P{} with the respective characteristics measured
with and without ircadiation. Assuming forther a
linear voltage dependence of the dark current within
the range of AV, & tiangle ABC can be constructed
{fig. 2} where AB=(l3:, Al =(Af;, CD=4F, |tan &
= (AT AV Wy, and [tan 8| = (R, . By trigonometrical

analysis one obtaine from the triangle
(fgh- = kA& i13)

if the factor &, which will be called the carve factor, is
ke=[1+ K (ATAF Y ]
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Ficure 3. Ezposore rate dependence of volioge signals measured
o different biga voltages and tond resistences o5 derived from
measuremends shown in figure 2.

At constant exposure rate and constant voltage ¥,
i.e., at constant Iy, Af will be the smaller the larger
X; and the larger the slope of the current-voltage
characteristic al the voltage ¥o  Introducing the dy-
namic dicde resistance r=(d¥/dllv, eq {14} can also
be writlen as

hem=[1+ RLJ’{TIFH] {14a)
provided that the slope of the dark current-voltage
characteristic is constanl within the voltage range
AF. Thiz condition will cbvicusly be fulfilled if the
bigs voltage is not too low and the voltage signal is
kept small by reducing the load resistance. Because
of the voliage dependence of rv, which increases with
increasing Fp, the curve factor will show some voltage
dependence.

Figure 3 shows the exposure rate dependence of
voltage signals at different bias voltages and load re-
sistances, as derived from the per{formance character-
istics shown in figure 2. Voltage signals are propor-
tional to exposure rate and, at constant values of load
resistance, increase with increasing Fp. Current
signals derived from these voltage signals (Af=AFIR,)
show cobviously the same dependence on exposute
tate and bias voltage as AF (fig. 4}, bt decrease with
increasing load resistance, This indicates that
voltage signals increase with increasing load resist-
ance a1 a smaller rate than R; {eq {12}

The dependence of Af and comespondingly of AF
on circuit parameters like Fp and &, can be explained
by the dependence of the curve factor {eq (14} on
those parameters and by the voltage dependence of
{fdr. The larger R, the larger is . and, at constant
F. the smaller is Af. For smaller bias voltages and
very large R, e.g, Re=10*) at Vp=5V (fig. 4), the
slope (AfofAF)y, does not remain constant within AF.
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Fizure 4. EKzposure rate dependence of current signafs meosured
at differenr bias poltages and fogd regiztances os dertped from
meeqsirentends shown i Agure X

Equation {14) cannot be applied and the exposure
rate dependence of AF and AV hecomez nonlinear.
In particular, a nonlinear exposure rate dependence
may also be cbhserved at moderate values of B, if the
voltage applied duning irtadiation at the detector is
in the low-voltage region where the dynamic resist-
ance ry is strongly voltage dependent. The increase
of Af with increasing bhias voltage is due to the increaze
of I; with increasing V accarding to eq (8}

4.2. Vohage Dependence of 7,

[nn order 10 measure the actual voliage dependence
of I, the influence of the curve factor was reduced
as much as possible by using small load resistances.
In this way the curve factor could be kept approxi-
mately at unity valee, thus allowing the assumption
Al = Igp

The voltage dependence of the current signal meas-
ured on a silicon radiation detector is shown in figure
5. The detector had a sensitive sorface area of
approximately 2.5 em?, and was fully irradiated with
heavily fltered 100-kv x rays of 11.2 mm Al HVL at
an exposure rate of approximately 2 Rfmin. The
woliage dependence of the dark current of the detector
was of the order of 10-% A/V and the load resiatance
104Y. The curve {factor was therefore approximately
1.0001. The current signal shows a small nonlinear
inerease with increasing bias voltage, increasing only
by aboutl 11 percent when changing the bias voltage
from 1w 15V,

In order to test the relation given by eq (8), the un-
known quantities m and Fy had to be determined by
capacity measurements. By considering eq (53}, one
obtains the voltage dependence of the junchion
capacitance

C=ESEEIJA¢='ESE€DA¢{V+ Vo {15)
w Yy
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FiGure & Determination of rerg-wollege juhction barrier height
VYo ard width w, of depletton region ae (¥ +¥o)=1 Y from intsr-
vepl af vaftage oxis and stope of graph 11CF vrersus ¥ decived from
measurement of wiltage depepdence of capacity C of pn junction
txpe sificon radiation defector.

if e is the dieleciric constant of silicon {eg =12,
€0 the permintivity of free space (gs=8.85 X 10-12 F{m),
and A the area of the surface contacts of the detector.
From measurements of the voltage dependence of €,
a vzlue of m hetween (.4 and 0.5 was obtained from a
double logarithmic graph of £ versus (F + Fg) assuming
tentatively Fo=0.5V, Choosing the theoretical value
of m=0.5 for an abrupt junctien [2], one can derive
from eq {15) the relation:

Y

1
ct (Esiftl{r

from which ¥y and i, can be determined. By plot-
ting measured values of {1/0%) versus V| a atraight line
was obtained (fie. 6 confirming the value chosen for
m. The value of Fy is given by the intercept on the
voltage axiz and w could be determined from the
slope of this graph. Values of Fy and wn evaluated
by the method of least squares were for the detector
investigated ¥g=0.477T V and wy=14.5x10" cm,
{volt)-1e

These values were used in the evaluarion of measure-
ments given in the following sections.

o. Exposre Rate Dependence

The voltage dependence of current signals at dif-
ferent exposure rates, as derived from measerements
shown in figure 2, is given in Ggore 7. The currem
gignala were meaasured over a load resistance of
104}, but due to the small dark current of the de-
tector, the curve factor differed only hy approximately
0.1 percenl from unity. The cuarrent signals Af can

)
) ¥+ ¥ (16)
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therefore be assumed 1o be equal to the valoes of the
generated photocurrents fo.

In agreement with eq (6), the corrent signal is at
constanl exposure rale a linear function of (F+ Fy)'i?
and increases with increasing voltage V, the slope b
increasing with increasing exposure rate, By linear
extrapnlation of AF to (F+ Fyt=10, ane can separate
the voltage-dependent and vohage-independent parts
of the current signals, both parts showing proportion-
ality with exposure rate. Or in other words, the current
sehsilivity of the detector, expressed in amperes per
unit exposure rate, increases with increasing voltage,
but the current signa! measured at any voltage in-
creasea at the same rate with increasing exposure
rate. This is indicated in table 1, showing that at
different voltages Af increases at the same rate as
the exposure rate. This means that the voltage factor
(eq (8 is independent of exposure rate and was in
particular ohtained fram these measurements as
ki=[140.05 (¥ + Far].

Tanre 1. Ezposure rate dependence (g, 7).
Relavive vabaen +f current signals mesmured 2 dilferent wollagen.

Expoanre rate Current signal {rel. salwep
Brmin Helstive value ar 5% Loy
|44 0173 LN P2 0.1mh T175
3a.i A A Jrd a7
A3 ST -] T G
R 1,000 L1 ), OO L

b. Temperatura Dependence

For measuring the valtage dependence of the current
signal at different temperetures, the detector was
placed inside a thermostatically controlled oven, and
[ully irradiated with 10-kY x rays filtered by 2 mm Al,
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FiGURE B, Current signals measured ai differens temperarures as
funceion af (¥ + ¥k
latarsr canpmgudarie of pusapgeed valwes o + Fo¥= =il s indicated by dashed lines.

and the nonmetallic oven wall at an expasure rate of
;llﬂp‘%uximate]y 20 Rfmin. The load resistance was

Figure 8 shows the current signals measured at
different temperatures as functien of (F+ Fa)2. The
temperature dependence of ¥y was taken into aceonnt
in determining the abrissa values. A reduction in
Vo of 2.8 mV per degree centigrade waz assumed in
accordance with calculalions made by Baldinger et al.,
[4] for silicon detectors of a bype similar to those used
in this investigation. The valnes of ¥ are the voltages
applied at the detector as measured ot different bias
voltages and temperatures.

The current signal increases with increasing tem-
perature and remains for voltages above approximately
1V, proportional to (F+ ¥, The diffusion part
a obtained by extrapolation of the linear part of the
graph to (V¥ + Fy)¥t =0, increases with increasing tem-
perature, while the slope & of the voltage dependent
part decreases. By increasing the temperature
trom 23.4 1o 51.1 *C, g increases by ahout 11 percent
and & decreases by aboot 24 percent, thus reducing
the ratio 4fe. This means that the voltage factor
feq 9 is shghtly temperature dependent, showing at
5 V a decreaze from 1.06 to 1.04 when increasing the
temperature from 23.4 to 51.1 “C, The voltage-de-
pendent part is only a small fraction of the total current
pignal, and the temperature dependence of the cur-
rent signal is mainly determined by the diffusion part,
which mcreases with increasing temperatuore.

The temperature dependence of Af at constanl ap-
plied voltages, as derived fram these measurements
is shown in fizure 9. The curve factor was for the
detector investigated for a load resistance of 10M(}
approximately 1.01 at 23.4 *C and F=1.5 ¥, slightly
decreasing with increasing voltage and increasing
with increasing 1emperature. These changes were
of the order of 1 percent, sa that the temperature
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dependence given for the corrent signal may be as-

sumed to be gualitatively the same for I, The tem-
. . 1 fdigy | .
perature coefficient given as —(—ﬂ) increases with
I \dT

increasing lemperature and decreases slightly with
increasing voltage. At 51.1 C the temperature co-
efficient has approximately the same value of 0.4
percent per degree centigrade for different volrages,
but changes at 23.4 *C from 0.20 percent per *C at
L5 V to 0.17 percent per °C at 5 ¥.  Assuming linear
temperature dependence between 25 and 50 °C

Uk = (e 1+ yAD = (e fir {17
where & is called the temperatlure factor, the average
temperature rcoefiicient ¥ expreszed in percent is
0.36 percent per °C at 1.5 Y and 0.33 percent per *C
at 5 V. These values are in good agreement with the
value of 0.32 percent per "C, given in part I for the
temperature coefficient of the short circuit current
measured in silicon p-n junction radiation detectors
operated as photovoltaic cells [1].

As previously stated [1], no definite explanation
can be given for the positive temperature coefficient
of the generated photocurrent 7. However, the
measuretnenls given here support the assumption
made [1] that the positive lemperature coefficient of
I, i3 due to an increase with increasing temperalure
of the average difosion length L, of electrons in the
kase layer, which determines the size of the voltage-
independent pait collected by diffusion. A decrease
in the pair-production energy € could have only a
small effect because a larger decrease in € wonld canse
an increase rather ithan a decrease in the temperature
dependence of the vollage-dependent part of 7y (eq 2}
that is not observed. A redoclion in the internaEi sEFies
resjstance with increasing temperature, sometimes
assumed 10 be responsible for the positive temperature
coefficient of [, [3]. would only have an effect on the
dark current characteristic, because £, is independent
of the lotal load resistance. At a constant applied
vollage ¥, a decreasing series resistance may cause
an increaze of the voltage applied at the junction
{harrier height). But this increase would be very
small because of the small seriesto-dicde resistance
ratio. A decrease in ascries resistances may affect
the curve-factor, due 1o a change of the slape of the
dark corvent characterisric,. However, considering
the values of voltage- and curve-factors and their
temperature dependence given above, changes of
theze factors cannot accounl for the lncrease of ap-
proximately 11 percent in the measured curvent signal,

The decrease in the slope of the graphs in figure 8
with increasing lempetature may be due to a decrease
of w and an increase of L, (eg (M), A negative tem-
perature coefficient of the width i of the depletion
region has been indicated by measurements of the
temperature dependence of the capacitance of silicon
diades, which is inversely proportional to w. Bal-
djnger et al. [4], and Artula {6] found in silicon diodes
an lncrease of junciion capacitance wilh increasing

temperature and a decrease of the temperature co-
efficient of the capacitance with increasing bias
voltage, Lthat is in qualitative agreement with meas-
urements discussed here.

<. Energy Depanduence

The energy dependence of radiation-produced cur-
rent signals measured at different applied voltages, in-
cluding zero voltage {photovoltaic corrent} is shown
in figure 10 for moderately and lightly filtered x rays,
and in figure 11 for heavily fltered x rays. Load
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resistances used were of such size that curve factors
were approximately of unity value and current signals
may be assumed to be approximately equal to gen-
etaled pholocurrents.

The curtent sensitivity, expressed here by the
radiation-produced corrent signal measured at 1 Bfmin
and 1 em® irradiated surface area, increases with
increasing voltage ¥, but the shape of its energy
dependence remains similar a1l different applied
voltages. For a certain increase of ¥, the increment
in corrent signal shows an energy dependence aimilar
to that of the total current signal. It first increases
with decreasing HVL, reaches a maximum at a
HYL of approximately 3.5 mm Al and then decreases
with Firther decreasing HVL.,

The voltage dependence of Af can betler be unalyzed
" hy plotting Af as a funetion of (¥ + Fy)" az shown in
figure 12. The linear dependence of Al on (F+ Fot't
is meintained for different types of radiation, hut the
slope b on Lhe voltage-dependent part of Al, increases
and decreases in the same way as the total signal
Al chanpges with quality of radiation. This behavior
is in agreement with eq (¥} showing that the slope b
“and the voliage independent part 2 of the corrent
signal are both proportional to gf{uf.+1). With
decreasing photon energy, @ and & are first increasing
because of the increase of g But doe to the energy
dependence of the atlenuation coeflicient ., which
increases with decreasing photon energy at a greater
rate than g, both a and & reach & maximum and then
decrease at lower energies.

If at different radiation qualities o and b increaze
and decrease at the same rate, then the rarie §/e, and
consequently the voltage Tactor & (eq %), must be
independent of radiation quality. The voltage factor

hr="Lyla (18)

+

was evaluated by assuming Af=1[, and determining
a by linear extrapolation of the measured current sig-
nals to (M + Fo?=0. Yoltage factors nbtained from
measuremen with heavily filiered x rays at exposure
rates of the vrder of 1 B/min are shown in figure 13.
For x rays of different HVL, values of & are propor-
tienal to (F+ P2, but show at constant vohage a
certain spread without indicating any definite rend
in energy dependence. At F=15 V, the highest
voltage applied, the deviation of & from an average
value is approximately =2 percent that is within the
experimental errar of these measorements, The
error in & is dependent on the error in measuring 7,
_ which was at the small exposure rates oblained with
heavily filtered x rays about 10 10 15 times smaller
than the dark current, and by Lthe error in determining
the value a by the extrapolation method. One may
therefure conclode from theze meazurements that &
is independent of radiation qualiry, and photocurrents
increase with ingreasing vallage at the same rate al
diferent qualities of radiation. If (£, and (fg). are
the photocurrents measured at photon eoergies ki

and Aee, then their ratio w1 constant ¥

1 [1 + % v+ V.._‘J'-“”]

Ugh _anlfrh _ _m
TR T {19

a1 J:] +? V+ Vﬂ}m] e

is independent of F, which means that 1he energy
dependence of f; given in relanve values js the same
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for different applied voltages. This is shown in table 2
giving relative values of iE?at different apphied voltages
as measured with heavily, moderately, and lightly
fltered x rays. The relative values sl different volt.
ages differ by about *£1 percent from iheir averape
values., Somewhat larger deviaions are obrained for
photovollaic  shorl-cikcoit currents at =0, which
were, however, nel directly measured, but determined
by extrapolation to F=1,

TaBLE 2. Energy dependence (fgs 10 ead 11)

Kebative vallues of cutnent oot ivitics isnbured 31 Jiffeeean wiltages. (S maities detector
wurfece was cioaered with 325 micron Ikick Aldeyer.)

A raye Turrena glgnal per Bjmin, cm® irel. vahuel
k¥ep Appmx, HYL ¥=1 L i) 15¥
mm Al
- Henvily Bltered x mys®

1] [ | L5 L 590 1.577 L.518
L Ll (L] LKWy L. Wk Lk
150 1.5 e LR 4597 .30
L1 L] ] i) R i~
250 a5 25% 25 287 Y

A rave Lurrent signal per Kimin, om? dosl. saluek
k¥ep | Appras, HVL ¥ =i ¥ v 5y
mm Al
Lightly and meoderateby filered © rapa® ¥

H 0,30 1YL [ XL [ngA} LY
30 5% 138 iyl 136 158
E 1.2 a0 e Rl o3z
ok a7 R T | R
el 3353 100} 1000 1000 L. 0ok
T pR ] Ly oy ATE 0,700
150 [N} ] iy L1 1A
L lag Aalw ALl Al SlT
250 162 AT S R R

* 2 For Glier combination wied ses table 1 in

e 1L
" The adiditiondl filravion by 1he 325 p 1hick

| coeer maw taben intu account,

The slope of the siraight lines in figure 13 should,
in accordance with eq (9), be equal to {w/L,). I
wy i6 determined by capacity measurements as shown
abave, then L, can be abtained from measurements
of the voltage factor of [;. Using the average value of
{t2f/Ly) obtained from these measurements (g, 13) of
{w1fLa)=0.041, and assuming a value w,=14.5 4 as
given ahave, the average diffusion length L, is obtained
as Ly,=3¥=43 u. ﬁjs value is of the right order
of magnitude, but approximately 25 percent smaller
than that sbtajred by salving eq (4 for L, for a cer-
tain voltage. However, for solving this equation,
vne has 10 make assumptions about the quality of
radiation, and exposure rate inside the charge col-
lecting volume, and the effective irradiated surface
area must be known, whereas the evaluation of L,
from the voltage factor is independent of these param-
eters. How far theae values of 1, are correcl, conld
not he decided, because lifetimes and diffusion lengths
of minority carriers in the silicon wafer of the detector
were not known,

5. Summary and Conclusions

It has been shown that if the detectors are operated
as photediodes the photocurrent praduced by x rays
in sihcon radiation detectors of the p-n junction type
may be considered to consist of two paris, a voltage-
independent part which is determined by the average
diffusion length of minotity carriers in the base layer,
and a voliage-dependenl part which is proportional
to the width of the depletion region, both paris being
proportional to exposure rate, The voltage depend-
ence of the generated photocurrent [y was expressed
by a voltage factor k- {eq (8)), which for the detectors
investigaled, was a linear function of (F4 Fy'z, of
F iz the voltage applied at the detector during ireadi-
ation and V, is the zero-voltage barrier height of the
junction. Due W the nonsaturating current-voltage
charaeteristic of silicon radiation detectors, the meas-
ured current signal, or the radimion-produced change
in reverse current, is differenl from the generated
photocurrent by a [actor &; which was called the curve
factor, The curve factor as defined by eq (13} is a
linear function of the ratio of the load resistance and
the dynamic resistance at the voltage applied under
“dark™ condition. Due to its dependence on the
dynamiec resistance, &, is voltage and temperature
dep&ndent. Tl‘lus, assuming constant temperatute,
one. obtains from eqs (8) and {13} for the photocurrent
generated at the voltage ¥

({gh = aky = (hchiAdhy (20)
or for the corrent signal
=l ke
A=~ " el 1)

if ¢ is the voltage-independent diffusion part of I,
which ¢annot be measured directly, bui is obtained by
extrapolation of the current sighals to (F 4+ Fpve=4,
It may sometimes be preferable 1o relate (Afh- to a
current signal (Afh-, obtained at a reference voltage
¥i. In this case

fulhedy,

{ﬂnl'={f:‘nl'| kl'.{kcll'

{22)

By proper choice of Ky, the curve faclors may be kept
approximately at unily value, so that the ralio {£vfkv )
can experimentally be determined by measuring the
catio (Af ALY, as function of ¥ at congtant exposure
rate of x rays of any quality.

The generaled photocutrent f; and correspondingly
Af increase with increasing temperature, but while
increases, k- decreases slightly with inereasing tem-
perature. The temperature dependence is nonlinear,
and due to ithe itemperature dependence of &, slightly
vollage-dependent.  However, within a temperature
range between 25 and 30 °C, one may assume [rom
these measurements, as an approximation, a voliage-
independent linear temperature dependence deter-
mined by a positive lemperature coefhcient of approxi-
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mately (L35 percent per "C. The temperatare de-
pendence of Iy cannot satisfactorily be explained and
[urther investigation will be required to establish Lhe
lemperature dependence of different paramelers as
width of the depletion region, and lifetime and diffusion
lengths of minority carciers.

In particular, the following conclusions can be
drawn from this investigation with regard 1o the use
of silicon radiation detectors as photodiodes for ex-
posure rate measurements of x rays:

The photocurrent (I produced under the photo-
dicde made of operation shows quoalitatively the same
exposure rate and energy dependence as the short-
circuit current produced under the photaveltaic made
of operation [1]. The increase of (f;)r with applied
voltage is rather small due to the small catio of width
of depletion region to diffusion length of minority
carviers in diffused p-n junction type detectorz, The
advantage of increasing (fg) by increasing V', is offset
by the accompanying increase in dark current, which
becomes noisy and unstable at higher voltages. Large
bias voltages should therefore be avoided.

Load resistance and applied voltage should be
chosen in such a way that within the range of exposure
rates considered, the curve factor &: remains constant
and approximately at unity value. If the dynamic
tesistance of the detector ecannot be considered as
being constant within the voltage signal measured
across the load resistance, eq (14a) for &, will no1 be
applicable any more. The current signal will in a
diferent way be related to (I ), resulting in a non-
linear exposure rate dependence. This situation may
arise at low bias voltages or large voltage signals ob-
tained with large load resistances and high exposure
rates. The requiremenl of constant curve factor ke,
imposes a limitation on the size of the load resistance
which can be used for amplification of the voltage
signal.

The voliage factor has heen shawn to be independent
of exposure rate ot quality of radiation. This means
that though current sensitivity will be different at
differenl voltages, the ratio of two signals measured
at different exposure rates or with x rays of different
quality, but at constant voltage, will be the same
independent of the voltage applied. Silicon radiation
detectors aperated as photodiodes may therefore
specially be useful for monitoring of radiations, when
only relative values of exposure rales are of interest.

For measuring exposure rates in roentgena per unit
time, detectors will have to he calibrated for the re-
spective type of radiation with the same voliage and
load resistance as wused for the exposure rate
MEABULEMENLS,

Compared with the photovollaic mode of operation,
the use of silicon radiation detectors as photodiodes
haz the advantages that their exposure rate and tem-
peratore dependence is, through the curve lactor,
only slightly dependent on the load resistance, and
that it is possible, thongh within certain limits, to
amplify vollage signals by increasing the load resist-
ance. However, more elaborate cireunitry is necessary
for the operation of detectors as photodiodes, and 1he
dark current, which shows some instability and strong
temperature dependence, has 1o be measvred or
balanced out for each signal reading. For small ex-
posure rates, ithe curremt signal may become much
smaller than the dark current, limiting the measuring
range to exposure rates larger than approximately
1 Rfmin, In this investigation, current signals pro-
duced zt an exposure rate of 1 Bfmin were determined
with a precision of £1 percent by measoring the ampli-
fied voltage drop over a known load resistance of
moderate size with a potentjometer.

Finally, it should be pointed ourt that the discussion
of measurements reported here was based on eq {6)
which was derived under certain simplifying assump-
tions. If thes¢ assumplions are not fulfilied, devia-
tions from the voltage dependence of (fyh reported
here may be observed.
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