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RADIATION EFFECTS INDUCED IN PIN PHOTODIODES BY 40- AND 85-MeV PROTONS

By
J. Becherl, R. L. Kernel1?2 and C S. Reft3

ABSTRACT

PIN photodiodes were bombarded with 40- and 85-MeV protons to a flu-
ence of 1.5 x 10! p/cm®, and the resulting change in spectral response in
the near infrared was determined. The photocurrent, dark current and pulse
amplitude were measured as a function of proton fluence. Changes in these
three measured properties are discussed in terms of changes in the diode's
spectral response, minority carrier diffusion length and depletion width. A
simple model of induced radiation effects is presented which is in good
agreement with the experimental results. The model assumes that incident
protons produce charged defects within the depletion region simulating donor

type impurities.
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INTRODUCTION

Silicon PIN photodiodes are frequently used in satellite astronomy for
detecting radiation in the visible and near infrared portions of the elec-
tromagnetic spectrum. Although not as sensitive as photomultiplier tubes,
these diodes are relatively cheap, low-power, compact devices with a wide
spectral response. PIN photodiodes are often used as detectors in an opti-
cal data Tink. It is desirable to know the response of these photodiodes to
the space radiation environment. Radiation induced effects in PIN photo-
diodes have been investigated using gammas (Ref 1) and neutrons (Ref 2).
Because some orbits, such as those proposed for the NASA Space Telescope,
subject the observatory to bombardment by protons, it is of interest to in-
vestigate the vulnerability of PIN photodiodes to protons.

It is useful to note that PIN photodiodes are similar to solar cells in
that both are p-n junction devices which differ in their mode of operation
and junction characteristics. A substantial amount of work exists on the
effects of electrons and gamma radiation on silicon solar cells (Refs 3,4,5)
with the emphasis being on the reduction of their output power. On the
other hand, the work reported here is concerned with irradiation-induced
degradation in spectral response of PIN diodes. A basic difference between
solar cells and PIN diodes is the magnitude of their depletion widths. 1In
solar cells a typical depletion width is 1 um whereas in PIN photodiodes
the depletion width is much larger, varying from 10 to 200 um depending
upon the resistivity of the intrinsic region and the operating bias voTtage.
In this respect PIN Photodiodes are similar to surface barrier detectors.
Hence, the irradiation-induced damaged models (Ref 6) developed for solar
cells are not directly applicable to PIN photodiodes and models for surface

barrier detectors have not been adequately evaluated in terms of their suit-






ability for PIN photodiodes. This paper presents results of spectral re-
sponse degradation in the near infrared produced by 40- and 85-MeV proton
bombardment together with a simple model that accounts for the induced chan-
ges in the spectral response, increase in dark current, and changes in the

pulse amplitude created by charged particles.

EXPERIMENTAL PROCEDURE

The PIN photodiodes studied in this work are state of the art devices
consisting of a p-n junction with a doping profile tailored to produce an
intrinsic layer, "i region", between a p layer and an n Tayer. We investi-
gated six PIN-6D (United Detector Technology) diodes. These diodes have a
resistivity of 400 2-cm, an antireflection coating which maximizes the re-
sponse at 850 nm and an active area of 0.2 cm®. These devices were fabri-
cated using the planar diffusion of p and n regions into a heavily doped
(less than 1 @-cm) semiconductor substrate.

The effect of proton bombardment on these photodiodes was studied by
examining the changes in spectral response, dark current, and pulse height.
The spectral response of the photodiodes was determined prior to and after
irradiation by measuring the photocurrent as a function of wavelength from

500 to 1100 nm. Monochromatic 1ight was obtained from a tungsten halogen

lamp dispersed by a grating monochromator whose bandwidth was approximately
8 nm at these wavelengths. To minimize the effect of fluctuations in the
light source and electronics, the signal from the test diode was é]ways com-
paréd at the ‘time of measurement to that from a similar unirradiated
reference diode. This was accomplished by coupling a double-beam attachment
to the output slits of the monochromator, one channel being dedicated to the
test diode and the other channel to a similar unirradiated reference diode.

Figure 1 illustrates this experimental arrangement. The movable mirror in






the double-beam attachment reflected the monochromatic light to either the
sanp]é or reference diode. The incident wavelength and the photocurrents of
the test and reference diodes were fed to a computer. Repeated measurements
of a diode's spectral response showed that the ratio of sample to reference
photocurrents was reproducible to within 2 percent. Because the time be-
tween completion of proton irradiation and the spectral response measure-
ments was typically about ten minutes, this experiment investigated rela-
tively long term effects associated with cumulative dose rather than short
term transient characteristics. The effect of irradiation on the spectral
response at wavelength X after bombardment with a proton fluence ¢ s

expressed in terms of the degradation parameter D(XA,4) defined by

D(,) = 104,8) - T,

——2L (1)

I[(x,0) - I
9 Do

where I(A,0) and 1I(r,s) are the photocurrents before and after irradia-

tion and ID and ID are the corresponding dark currents. The photocur-
0

rents used in equation (1) are normalized values in that, as discussed
above, they represent ratios of test diode to reference diode values. It
should be noted that the parameter D(XA,) =1 corresponds to zero degrada-
tjon and that D becomes smaller as the degradation increases.

The current measured in the biasing circuit includes a dark current
whose magnitude is related to the bulk properties (resistivity, minority
carrier diffusion length, etc.) of the photodiode. Changes in these proper-

ties induced by irradiation were monitored by repeated dark current measure-

ment. The dark current of the photodiode was measured with the configura-






tion shown in Figure 1 by blocking the light at the entrance slits of the
monochromator. The dark current measurement had an uncertainty of about 3
percent.

Changes in the depletion width of the photodiode were studied by re-
cording the pu]sg height of the voltage generated by the accumulated
charge created by ionizing protons passing through the device. These pulse
height spectra were obtained by reducing the fluence rate used in the degra-
dation exposures (typically about 10° p/cm?-sec) to about 1.5 x 10% p/cm?-
sec. A schematic of the pulse height arrangement is shown in Figure 2.
This detection system was calibrated by injecting a known charge into a
calibrated load capacitor, thereby relating the voltage from the multichan-
nel analyzer to the charge created by the ionizing irradiation. We estimate
a 5 percent uncertainty in the depletion widths inferred from the pulse
height spectra.

The proton irradiations were performed with the isochronous cyclotron
at the University in Maryland. Because of the configuration of the cyclo-
tron target facility, it was convenient to mount the photodiodes on a sample
ladder in a chamber which was an integral part of the beam transport system.
Since the ladder was remotely controlled, the diodes could be moved into or
out of the beam without altering the beam characteristics. The proton flu-
ences were measured by a current monitor and the spatial distribution of the
beam was estimated using film. At the energies used (40 and 85 MeV), the
beam was relatively stable in intensity and beam profile. We estﬁmate that
our fluence measurements had an uncertainty of about 15 percent absolute
with a somewhat smaller relative uncertainty among the irradiated samples.
Successive exposures, sometimes at different fluence rates, were performed

to accumulate dose.






EXPERIMENTAL RESULTS

The spectral response of each diode was measured before and after each
irradiation. In view of the fact that we express the spectral response in
terms of the ratio of the photocurrents of the tested and reference diodes,
it is useful to keep the absolute efficiency in mind. Figure 3 shows a
typical quantum efficiency measured prior to irradiation. This curve was
obtained by using a calibrated United Detector Technology photodiode to
determine the photon flux impinging on the diode. An auxiliary check on the
efficiency was made using an NBS calibrated tungsten ribbon source. Changes
in the quantum efficiency produced by irradiation with 40-MeV protons are
shown in Figure 4 1in which the degradation D(X,¢) is plotted against
wavelength from 700 to 1050 nm for several fluences. These data were
collected at a bias voltage of 5 V. We note that for a given fluence the
degradation becomes more pronounced as the wavelength increases and that, as
expected, the efficiency decreases with irradiation dose. In a subsequent
section we present a model which accounts for the observed dependence of the
degradation on wavelength and fluence.

An increase in dark current with fluence was observed for all diodes.
Figure 5 shows the measured dark current for a representative diode as a
function of bias voltage at various fluences. Prior to irradiation the dark
current varies linearly with the bias voltage at a rate of 0.024 upA/V. As
the fluence increases the dark current becomes larger but still varies
linearly with bias voltage. However, the rate of increase is larger; for
example, at 0.4 x 10'0 p/cm? the slope is 0 64 uA/V. We observed this lin-
ear dependence up to 1 0 x 1010 p/cm®. At a fluence of 10.0 x 10'0p/cm?,
the dark currentAhad continued to increase but no Tonger varied Tinearly

with bias voltage. As will be discussed later, we attribute this increase






of dark current with fluence to a decrease in minority carrier length.

The depletion width was determined from pulse height spectra collected
while bombarding the photodiode at a sufficiently low proton fluence rate
that negligible damage occurred during the measurement. As we will discuss
in the next section, the depletion width is proportional to the pulse
height. Figure 6 shows the pulse height spectra for a typica] diode taken
at 10 V bias after various fluences. Note that the number of counts is
plotted as a function of the depletion width inferred from the observed
pulse height. The observed change in position of the peak with increasing

fluence indicates a decrease in depletion width of the diode.

DISCUSSION OF RESULTS
General
The current produced in PIN photodiodes consists of two components: the
drift current created within the depletion width and the diffusion current
produced by charge created in the bulk substrate diffusing into the reverse
biased junctidn. Under steady state conditions the current is given by the
sum of these. Assuming that the current due to thermal generation of charge

is negligible, the total current at a constant bias voltage is given by

-oW D

€ p

I(A,¢) =g (1 - —
1 +al

(Ref 7) where g s the electron charge, @ 1is the absorbed photon flux
rate, o is the wavelength dependent absorption coefficient, W is the
depletion width (which, as we have seen, depends on the proton fluence ¢),

L is the minority carrier diffusion length, Dp is the diffusion coeffi-






cient of holes in the n type bulk, and Pno is the thermal equilibrium
concentration of holes in the n type silicon. Since the second term is
independent of the photon flux, it is essentially the dark current ID of
the device. Making this substitution and using equations (1) and (2), we

can write the degradation as

D (A,6) = (1-2 ) /(1 - 22 (3)

This equation implies that the spectral degradation is associated with

changes in the depletion width and/or diffusion length.

Determination of Depletion Width

In a semiconductor detector the energy lost by ionizing radiation re-
sults in the creation of electron-hole pairs (EHP's) within the depletion
width; these are collected at the Jjunction. Ideally, the number of EHP's
collected by the detector is proportional to the energy lost by ijonizing
radiation in the depletion region. It is true, of course, that a major por-
tion of a PIN diode's width (about 300 um) consists of bulk material which
is penetrated by dionizing radiation creating EHP's in it path. However,
since there is no electric field to collect the charges in this region, they
diffuse to the electrodes at a slow rate. Thus, we were able to use a fast
charge sensitive preamplifier with a rise time of about 10 ns to accumu-
late charge created in the depletion width only.

The charge pulse created by the ionizing particle is given by

q = 2E (4)

€

where q 1is the charge of the electron, AEF is the energy deposited by a






single ionizing particle in the depletion region, and e is the average
energy (3.62 eV for silicon) required to create an EHP. The energy lost in
the depletion region is given by AE = W (dE/dx) where dE/dx is the stop-
ping power for protons in silicon at the appropriate energy. Substituting

for AE 1in equation (4) and rearranging, we obtain

e 0 o6 x10ts O
q dE/dx dE/dx

(5)

Thus, the pulse height of the signal produced by a single incident proton
provides a direct measurement of the depletion width. The depletion width
measured by us before any appreciable radiation dose was accumulated agreed
with the results of Dearnaley and Northrop (Ref 8) in that wo varied as
the square root of the applied bias. Qur results for a typical diode are
shown in Figure 7. We note that wo increases at the rate of 6.75 um/V.
This linear dependence was found for all six diodes used in our work; the
measured values of wo varied by less than 5 percent among the diodes. We
also found that the value of wo did not depend on whether we used 40- or
85-MeV protons to produce the charge pulse. This is consistent with equa-
tion (4) in that the significant parameter is the energy deposited by the
incident particle. The measured value of wo at 5 volts was 27 um which is
about 20 percent higher than the theoretical value predicted for the 400 Q-

cm material (Ref 7).

Determination of Carrier Diffusion Length

We determined LO by measuring the photon response of the photodiode
and fitting the results to equation (2) using the reported absorption coef-

ficients for silicon (Ref 9) and wo obtained from our pulse height analy-






sis. This gave LO = 200 um which is consistent with the diffusion length

predicted for 400 Q-cm n-type silicon (Ref 10).

DEGRADATION MODEL

General

Irradiation of semiconductors with high energy particles displaces
atoms and damages the lattice, thereby introducing new energy levels into
the band gap. These defects act as recombination centers which decrease the
minority carrier lifetime (Ref 11). Since PIN diodes have large depletion
widths, irradiation-induced changes in this region have a significant effect
on the diode photocurrent. When silicon surface barrier detectors are ir-
radiated with protons, damage produced in the depletion region increases the
depletion width capacitance. Since this capacitance is proportional to the
dopant density (Ref 7), the observed increase indicates that the created
defects had a net positive charge (donor behavior).

We suggest that the created defects can be represented as impurity
dopants whose energy level is located within the forbidden band gap. Thus,
the effective displacement site density will increase with radiation; we

write this as
N() = Ny + o o (6)

where N(¢) 1is the effectivé displacement site density, ND is the impur-
ity dopant density, and o s the cross section (in cm-1) for defect pro-
duction. For the PIN diodes investigated by us, the donor impurity dopants
in the intrinsic region are Ny = 1.2 x 1013 em-3 and in the p layer Ny

= 6 x 1015 cm-3, Since Ny >> Np, the one-sided abrupt junction approxima-






tion can be used to determine the depletion width. In this approximation
the depletion width is (Ref 7)
1 1
) 2
W=BI[Ns)] =B8(Ny+o9) (7)

In this equation, B = VZkSV/q, € is the static dielectric constant, and
V is the total voltage applied to the junction. Rearranging equation (7)

gives

W2 N, W2 W 2
D 0 0

IS 1 (8)

where wg = BZ/ND. Equation (8) can be used to deduce values of o from
our experimental data. We will now use this simple model to discuss the
observed changes in depletion width, spectral response, and minority diffu-

sion Tlength (as inferred from the dark current).

Depletion Width

Figure 8 shows W-2 plotted as a function of fluence for 40-MeV protons
at various bias voltages. A similar figure was obtained at 85 MeV. For
fluences below about 10 x 10!% p/cm?, the data show a linear dependence in
agreement with our model. Using equation (8) in conjunction with the 5 V
bias line of Figure 8 we find (using Ny = 1.2 x 103 p/cm®) o = 150 cm-!
for 40-MeV protons while at 85 MeV ¢ = 95 cm-!. These values are generally
consistent with those reported (Ref 12) by Bilinski, et al. As shown in

Figure 8, o 1is dependent on the applied voltage. Even though the Tlinear-

10






ity of W-2 with ¢ is maintained at higher bias Qo]tages, o decreases
with increasing voltage for both 40- and 85-MeV protons. For example, for
40-MeV protons the cross section decreases from 150 cm~! at a bias of 5V to
90 cm-! at 40 V. The cross section will be independent of applied voltage
if the defects are produced uniformly throughout the depletion region. This
suggests that the observed dependence on voltage is associated with a
nonuniform creation of defects within the depletion region.

Table I 1ists the slopes of the straight line portions of Figure 8 for
40-MeV protons together with the slopes of a similar graph for our 85-MeV
data. From equation (8) we note that for a given bias voltage the ratio of
the cross sections for two bombarding energies is just the ratio of the cor-
responding slopes. These ratios for 40- and 85-MeV protons are shown in
Table TI. This ratio is nearly constant and has an average value of
1.6 £ 0.3. The rate at which defects are created is proportional to the
absorbed energy which varies as the stopping power. Using stopping powers
of 27.4 and 15.4 MeV/cm for 40- and 85-MeV protons, respectively, we obtain
a ratio of 1.8. The fact that this is nearly the same as the observed ratio
of the corresponding cross sections strengthens our postulate that the de-
fects produced by irradiation are responsible for the changes in depletion

width.

Spectral Response

Changes in depletion width and minority carrier diffusion Tlength
produce degradation in the spectral response of the diode. In this section
we compare the observed degradation with that predicted by our model. For
this purpose the experimental spectral response results at selected fluences

are shown as data points in Figure 9. Some of these data points are plotted

11






at selected wavelengths in Figure 10 in order to show explicitly the depen-
dence of the degradation on wavelength. The curves in Figures 9 and 10 are
predictions based on our model; these curves were obtained as follows. The
degradation can be determined from equation (3) by using W calculated from
equation (5) in conjunction with L determined from equation (2) using re-
ported values (Ref 9) of the wavelength dependent absorption coefficient a.
This gives the degradation D in terms of X and W. We then use the
results of equation (8) based on ou; model to express W in terms of the
fluence ¢, thereby obtaining D(A;¢). When this is done, the curves drawn
in Figures 9 and 10 are obtained using Ny = 1.2 x 1013 cm=3 (as given in
the specifications of the PIN-6D photodiode) and the fo1ldwing experi-

mentally determined parameters:

wo = 27 um
LO = 200 um
g = 200 cm-?!

With the exception of the data at the Tow fluence of 0.05 x 100 p/cm?,
there is excellent agreement up to 9 x 1010 p/cm?® between the predictions of
our model and the experimental results over the entire wavelength range.
Note that the model correctly predicts the rapid degradation in response
with wavelength as illustrated in Figure 10. The observed degradation in
spectral response deviates from our model above 10 x 10'% p/cm? which (as
shown in Figure 8) is also the fluence level above which the degradation in
W no longer follows the behavior predicted by our model. At these higher
fluences the one-sided abrupt junction approximation which is incorporated
into our model is no longer valid. The density of irradiation-induced de-
fects has become comparable to the initial dopant density with the result

that the interactions between defects and impurities is no longer described

12






by this simple model. At these fluences, the energy levels of the

displacement sites dominate over the dopant.

Increase of Dark Current

The dark current increased with fluence for all the diodes studied by

us. This can be understood by considering a modified form of the photon

independent term of equation (2).

D
2P (o GV/KT ) (9)

NDL

Ip = an;

2 _
where the relation = n; /ND is used, n; is the intrinsic carrier

Pno
concentration, V is the applied voltage, k s Boltzman's constant, and

T is the temperature. The factor in parenthesis is included to give the
dependence of dark current on voltage. This is the Shockley equation for an

ideal diode (Ref 7) with the approximation that Pao >> npo used for these

diodes because NA >> ND'

portional to L which decreases with fluence resulting in an increase in

We note that the dark current is inversely pro-

dark current. This is i]]ustratéd in Figure 5 where the dark current is
shown as a function of bias voltage at various fluences.

We will discuss the changes in dark current with fluence in terms of
the dark current ratio ID(¢)/ID(O). Assuming that Dp and ND do not

change during irradiation (i.e., o ¢ <K ND), equation (9) leads to

L
0
L

13






As mentioned previously, the induced defects act as recombination centers
which decrease the minority carrier lifetime. This is equivalent to a de-
crease in the minority carrier diffusion length and can be expressed as (Ref

13)

1

L2
0

—-«L; =L vk (11)

where K s the associated degradation parameter. Using equation (10), we

get

This predicted dependence is compared to our experimental results in Figure
11 which shows the square of the dark current ratio versus fluence for 40-

MeV protons. Using LO = 200 um, the slope of the line gives K = 3.5 x

10-6 cm-2 compared to a reported value of 6.5 x 10-® cm-2 (Ref 12). Thus,
for fluences below 10 x 100 p/cm?, the increase in dark current can be
attributed to a decrease in minofity carrier diffusion length.

For fluences greater than 10 x 10!0 p/cm?, we must consider changes in

ND' In the previous section we argued that the defects (o¢) produced by

irradiation become comparable to ND at the higher fluences. From equation

(6), we infer that ND in equation (8) should be replaced by ND +0 6.
This would produce a slight departure from linearity of the square of the

dark current ratio versus ¢ at these higher fluences.

14






SUMMARY

We have investigated the effects of 40- and 85-MeV protons on PIN
photodiodes by measuring changes in the photoconductive diode current, dark
current and pulse height spectra. We associated the changes in these three
measured properties with changes in the diode's spectral response, minority
carrier diffusion length, and depletion width. We developed a model which
is in good agreement with our experimental results for fluences up to 10 x
10109 p/cm®. The model assumes that the incident protons produce charged
defects within the depletion region simulating donor type impurities. From
the model we can estimate the useful lifetime of the photodiode as a detec-
tor.

It is also possible to use the degradation in spectral response of
these diodes to measure the absorbed energy. Rgsch et al. (Ref 13) have
shown that the neutron-induced change in the optical response of n+p junc-
tion silicon diodes can be used to measure the absorbed energy from 0.3 to
14.0 MeV neutrons.

At higher fluences, o ¢ >> ND’ the model breaks down. The density of
irradiation-induced defects becomes comparable to the initial dopant dens-
ity, and the interactions between defects and impurities is much more com-
plicated than in our simple model. A more rigorous treatment would take in-
to account the location of the irradiation-induced defects within the for-
bidden band gap and also the thermal stability of these defects.

The work reported here was supported by NASA Grant NSG-5289.
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TABLE I

Slopes determined from Figure 8 for 40-MeV protons and for 85-MeV protons
from similar graph.

Bias 40 MeV 85 MeV Slope
(Volts) Slope (x 10-5) Slope (x 10-%) Ratio
5 0.171 + .025 0.107 = .025 1.6 £ .3
10 0.083 + .020 0.055 = .010 1.5+ .3
20 0.054 £ .005 0.034 £ .005 1.7 £ .3
40 0.025 + .001 0.015 = .001 1.7 £ .2
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A TUNGSTEN HALOGEN LAMP

B GRATING MONOCHROMATOR

C MOVABLE MIRROR
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Figure 1. Schematic diagram of the experimental arrangement for exciting
photodiodes utilizing a monochromator.
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Figure 3. Measured quantum efficiency for a typical PIN photodiode
used in this work.
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Figure 5. Effect of 40-MeV proton irradiation on the current-voltage

characteristic of the photodiode dark current.
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Figure 6. Effect of 40-MeV proton irradiation on the pulse height

spectra taken at 10 V bias.
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Figure 7. Preirradiation depletion width plotted as a function of the
square root of the applied bias voltage.
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Degradation in spectral response for a typical PIN

photodiode jrradiated with 40-MeV protons. Symbols
indicate experimental data; curves are theoretical

fits based on model proposed in text.
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Figure 10. Degradation as a function of fluence at selected wavelengths.
Symbols indicate experimental data; curves are theoretical
fits based on model proposed in text.
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Figure 11. Effect of 40-MeV proton irradiation on PIN photodiode
dark current.
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