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Quantum efficiency stability of silicon photodiodes

Raj Korde and Jon Geist

The stability of the quantum efficiency of inversion layer, phosphorus-diffused (n on p), and boron-diffused
(p on n) photodiodes has been investigated. Unsatisfactory silicon-silicon dioxide interfaces, latent recombi-
nation centers in the diffused layers, and moisture absorption by the device were identified as possible causes
of instability. Diodes were fabricated using processes in which these sources of instability were carefully
controlled. The resulting diodes were subjected to various accelerated aging tests, and the external quantum
efficiency of the diodes was monitored during the tests. Diodes made by older procedures, in which some
important parameters affecting stability were not controlled, were included in the study for comparison. The
major result of this work is the demonstration that n on p photodiodes are inherently more stable thanp onn
types in the ultraviolet and blue spectral regions, but that stable p on n devices can also be produced with

sufficient care.

l. Introduction

Silicon photodiodes are the workhorses for photon
detection in the 200~1100-nm spectral region. The
most demanding application of silicon photodiodes is
in high precision and high accuracy radiometric mea-
surements.}?2 Despite the importance of a high, stable
quantum efficiency to applications of this nature,
there is very little information in the literature on the
stability of the quantum efficiency of silicon photodi-
odes.

The susceptibility of the oxide-silicon interface to
high levels of UV radiation has been known at least
since 1966,3 yet the few studies of the effect of UV
radiation on silicon photodiodes have examined only
one aspect of instability, and on an obsolete type of
diode.® And, although concern over the stability of
silicon diodes representing the current state of the art
was expressed a few years ago,’ it is only within the last
two years that quantitative data on a few commercial
devices have been reported.3-1© These references re-
port that some boron-diffused devices were found to
suffer as much as a 10% per year loss of quantum
efficiency at 400 nm over a period of a few years of
storage. However, none of these authors discusses the
details of the mechanisms responsible for the loss of
quantum efficiency.

In this paper, we compare the changes in quantum
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efficiency that were observed in specially fabricated
photodiodes when subjected to intense ultraviolet ra-
diation, and storage at high humidity and/or high tem-
perature in an attempt to accelerate the types of insta-
bility encountered during the normal use and storage
of silicon photodiodes. We specifically ignore oxide
stress!!-14 during the application of oxide bias!® as a
source of instability, because it is associated with a
particular type of self-calibration!® procedure and will
not be encountered during the normal use and han-
dling of silicon photodiodes. We note that Key et al.1?
have shown how to perform the self-calibration with
the highest accuracy despite the oxide bias instability,
and have pointed out that a diode used for the self-
calibration procedure is not a satisfactory shelf stan-
dard as a result of the self-calibration. Qur concern in
this paper is with developing more satisfactory diodes
for use as shelf standards, and the spectral regions of
interest to us are the UV and short-wavelength visible.

Il. Sources of Photodiode Instability

Using published results and our own experience, we
have identified a number of possible causes of the loss
of short-wavelength quantum efficiency in silicon pho-
todiodes. First let us consider n on p type devices.

It has been proposed and demonstrated that natural
inversion layer photodiodes!” should have a short-
wavelength quantum efficiency of 100% due to the
nature of the built-in field associated with a strongly
inverted layer at the oxide—silicon interface.!® Insta-
bilities were also encountered with this type of photo-
diode, but the symptom was not the loss of short-
wavelength quantum efficiency, but rather a loss of
linearity at the high end of the linearity range. Thisis
what would be expected if the fixed oxide charge that
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induces the inversion layer in the diode were to be
neutralized as a result of UV irradiation. Since the
inversion layer charge decreases with decreasing oxide
charge, the diode inversion layer resistance, which is in
series with the diode, would increase. Thus the
threshold value of forward bias needed to cause a non-
linearity could be dropped across the increased series
resistance by a smaller value of photocurrent, resulting
in a loss of linearity range. The opposite effect, an
extension of the linearity range by adding charge to the
oxide, has been demonstrated.!8

It has also been proposed that light arsenic or phos-
phorus doping!® and the redistribution of the dopant
during oxide growth? could be used to tailor the built-
in field between the oxide-silicon interface and the
junction to eliminate recombination at the interface in
a manner similar to that occurring with inversion layer
diodes,!8 and that such a structure should be resistant
to UV irradiation.!® Indeed, Ref. 19 describes the
fabrication of arsenic-doped devices with outstanding
resistance to ultraviolet radiation (no change in UV
responsivity after 60 days at 20 mW/cm?2). However,
sufficient care was not exercised with respect to impu-
rities incorporated into the silicon during and follow-
ing the prediffusion used to prepare the diodes for
arsenic drive-in, and later testing showed a 6.2% de-
crease in quantum efficiency at 410 nm following bak-
ing of the diodes at 110°C for 3000 h. Perhaps, some
impurities that were incorporated into the diffused
region as latent recombination centers were activated
by this treatment, and were able to cause the recombi-
nation of a non-negligible fraction of the excess minor-
ity carriers created in this region before they could be
transported to the junction by the built-in field. The
latter conjecture brings us rather naturally to the p on
n type of diode, where latent recombination centers in
the p type region are well known.

Weizer et al.?! have described metallic impurities,
most notably silver, which complex with boron in sili-
con to form latent recombination centers, and which
only become active during the passage of several years.
Moisture penetration through the package to the de-
vice over a long period of time is also a possible cause of
observed changes in the quantum efficiency of boron-
diffused devices over extended periods of time. Mois-
ture in conjunction with boron is suspected of causing
recombination centers near the oxide-silicon inter-
face,?2 and moisture has been reported to neutralize
the ionized boron acceptors by hydrogen injection cre-
ating a surface region depleted of ionized boron.2

In the latter case, the surface depleted boron ion
profile would create a built-in field which moves mi-
nority carriers toward the oxide-silicon interface rath-
er than toward the junction. Complementing this ef-
fect, the first moisture related effect would increase
the number of recombination centers near the oxide-
silicon interface, and the second would increase the
time that the minority carriers are in the presence of
the recombination centers. In both cases an increase
in recombination relative to collection by the junction
is expected.

Due to the redistribution of boron during oxide
growth, it does not seem possible to tailor the built-in
field in such a way that the minority carriers spend a
negligible time in the presence of oxide-silicon inter-
face recombination traps. Thus, a trap-free interface
seems necessary to eliminate interface recombination
at short wavelengths where the photogenerated carri-
ers are created in the vicinity of the interface. Inferior
interface structures characterized by interface and sili-
con bulk traps in the vicinity of the interface,* the
existence of strained bonds at the interface,25 the pres-
ence of excess H and OH in the oxide,?® and even
excessive boron in the oxide?” have all been correlated
with interface traps and latent interface traps. Pre-
sumably all these must be minimized by proper pro-
cess control to obtain a boron-diffused photodiode
with a stable UV quantum efficiency.

In view of the above discussion, it would appear to be
eagier to fabricate stable 100% internal quantum effi-
ciency silicon photodiodes using n on p processes rath-
er than p on n processes. Nevertheless, we had ob-
served some commerical p on n photodiodes that,
while not perfect, had close to 100% internal quantum
efficiency and were reasonably stable under UV irra-
diation. Therefore, we decided to examine the long-
term stability of p on n, as well as that of inversion
layer and n on p metallurgical junction diodes, and to
try to correlate the results with the conditions in which
the diodes were fabricated.

Two different classes of photodiodes were included
in our study. The first class consisted of photodiodes
that were specially fabricated with processes designed
to avoid the problems that we had identified as likely
causes of the deterioration of quantum efficiency with
normal use and storage. The second class consisted of
commercially available photodiodes representative of
the current state of the art of silicon p on n photodiodes
during the period of the study. The latter have near
100% internal quantum efficiency over the entire visi-
ble spectral region and have been readily available
from a few vendors for a number of years, but may not
have been produced with the careful processing that
was used for the diodes specially fabricated for this
study.

As an aside, we note a very recent claim?® that “sili-
con photodiodes have inherently poor quantum effi-
ciencies in the UV region.” This claim, which was
made in connection with a paper advocating edge illu-
mination of silicon photodiodes, strongly implies that
high quantum efficiency photodiodes are not commer-
cially available for the UV. This is incorrect and has
been since 1979.2930 Building a silicon photodiode
with a high ultraviolet quantum efficiency has not
been the problem. The problem has been to maintain
that high quantum efficiency under ultraviolet irradia-
tion and over periods of years. Nevertheless, high UV
quantum efficiency devices that have experienced a
significant loss of quantum efficiency due to UV irra-
diation or the ravages of time still have much higher
spectral responsivities than the spectral response of a
typical silicon photodiode shown in Fig. 1 of Ref. 28.
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. Experimental

Three-inch diameter, float zone, (111) oriented wa-
fers, mirror polished on one side were used to fabricate
photodiodes having 1 cm? active area. The boron-
diffused devices were fabricated on 10-Q - cm n-type
wafers, and the phosphorus-diffused and inversion
layer devices were fabricated on 100-Q - em p-type
wafers.

Figure 1 shows a schematic diagram of the three
structures used. Since UV and blue photons are ab-
sorbed in the first few hundred nanometers of silicon,
the boron and phosphorus diffusions were kept shal-
low to minimize the possibility of recombination be-
tween the oxide-silicon interface and the junction.
The spreading resistance profiles of these diffusions
are shown in Fig. 2.

Meticulous care, as described by Ghandhi,?! was
exercised during the wafer processing to achieve a high
minority carrier lifetime in the diffused layer. Atleast
in the case of the phosphorus diffusions these efforts
were successful, and 100% internal quantum efficiency
was achieved as shown in Fig. 3. We take this as an
indication not only of a high minority carrier lifetime
in the diffused region, but also of sufficient phospho-
rus pile-up at the oxide-silicon interface to lower the
minority carriers concentration at the interface, there-
by reducing the probability of recombination at any
interface defects that exist there after processing, or
that become activated by environmental stress.
Spreading resistance measurements cannot detect
pile-up, so it is not surprising that none is evident in
the phosphorus profile shown in Fig. 2.

Various device fabrication parameters, such as the
duration and temperature of the impurity deposition,
the nature of the oxidizing drive ambient, and the final
low and high temperature annealing steps, were varied
to investigate their effect on the stability of the quan-
tum efficiency of fabricated diodes, and the optimum
combination was used in fabricating the stable devices
reported in this paper. Since these are the steps that
proved crucial to controlling stability, they will not be
described in detail here. Anyone trying to build simi-
lar devices could not be assured of achieving good
stability without repeating the optimization process
for his own particular fabrication facility, because the
temperatures of the various furnaces were not calibrat-
ed, and other uncharacterized facility parameters
might also be important.

In general, it is perspiration rather than inspiration
that perfects the processing with respect to device
stability, most of the steps having been adequately
explained in Refs. 31-33. Extremely high purity
chemicals were used for wafer cleaning. Only 99.999%
pure gases were used during high temperature wafer
processing. And, TCA (1,1,1-trichloroethane) clean-
ing of the quartz tubes at high temperatures was
adopted to avoid sodium and other metallic impurity
contamination during high temperature processing.

A clean oxide process, such as described by Bot-
chek? was adopted during the growth of the final
silicon dioxide antireflection coating to yield diodes
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Fig.1. Schematic diagram of the silicon photodiodes fabricated for
this work: (A) inversion layer type; (B) phosphorus-diffused type
{(n on p); and (C) boron-diffused type (p on n).
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Fig. 2. Spreading resistance profile of boron diffusion in p on n

photodiode, and of phosphorus diffusion in n on p photodiode.

Phosphorus pile-up at the front interface, if present, is not resolved
by spreading resistance measurements.

with very high shunt resistance (100 MQ at £10 mV for
a 1-cm?2 active area). The devices were then annealed
as described by Weinberg et al.33 These steps seem to
be necessary to prevent UV-induced charge neutral-
ization in the oxide on inversion layer diodes, as well as
torender the oxide—silicon interface less susceptible to
UV radiation. Ohmic contacts to the n and p type
regions were made by electron beam evaporation of
aluminum followed by photolithography to define the
contact areas. The wafers were sintered at 450°C for
10 min in pure nitrogen and then sawn into the individ-
ual photodiode chips. After the electrical parameters
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Fig. 3. Internal quantum efficiency as a function of wavelength for

phosphorus-diffused diode. The internal quantum efficiency in-

creases above unity at the short wavelengths because more than one

electron-hole pair is produced per absorbed photon at these wave-
lengths as discussed in Refs. 29 and 37.
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Fig. 4. Relative change in external quantum efficiency as a func-
tion of wavelength for silicon photodiodes after exposure to 20 mW/
cm? of 254-nm radiation for 24 h.

of the chips were tested, they were mounted on the
United Detector Technology (UDT)34 standard BNC
package stud using epoxy. The contacts from the n
and p electrodes on the chip to the anode and cathode
of the package were made with an ultrasonic wire
bonding machine using aluminum wire.

The packages were then sealed with epoxy to a cap
having a quartz window. Most of the epoxy used was
EPOTEK H77. However, some of the boron-diffused
devices were sealed using EPOTEK 731. The former
was designed for hermetic seals, and forms bonds
whose He diffusion rate is 1 X 108 cm3/s after expo-
sure to 32°C (90°F), 90% RH for 100 h, whereas the
latter is not designed for hermetic seals and has not
been tested in this way, but it is known that its He
outgassing rate would be many orders of magnitude
larger in the same conditions.3%

The external quantum efficiencies of the photodi-

- odes included in this study were measured before and

at various times during and after exposure to the accel-
erated degradation environments. The quantum effi-
ciencies were obtained by spectral response compari-
son relative to a silicon photodiode standard traceable
to the National Bureau of Standards using an F4.2,
300-mm focal length, single-grating monochromator
with a deuterium arc lamp as a radiation source for the
200-400-nm spectral region, and a quartz-halogen,
tungsten filament lamp for the 400-950-nm range.
The precision of quantum efficiency transfer measure-
ments using this apparatus is no worse than +2% of
value over most of the 200-950-nm spectral range.

Three different accelerated aging tests were adopted
for this study in an attempt to stimulate all possible
degradation mechanisms. The first test was exposure
of the diode front surface to 20 mW/cm? of 254-nm
radiation from a low pressure mercury lamp for 24 h.
The second test was baking at 100°C for 196 h, and the
;;lhird was exposure to 37.8°C (100°F), 100% RH for 48

Three p on n type diodes from other manufacturers
were included in the accelerated degradation tests. As
far as we know, these diodes (along with the UDT
standard process boron-diffused diodes) represented
the state of the art in p on n silicon photodiode stability
at the time of this study, but the details of their fabri-
cation and mounting are unknown. Therefore the
results for the latter diodes are included only to pro-
vide a frame of reference.

IV. Results and Discussion

Figure 4 shows the relative change in the responsi-
vity over the 200—400-nm spectral range of several
representative photodiodes after their exposure to24 h
of 20 mW/cm? of 254-nm radiation. Before exposure,
all these devices, except that from manufacturer X,
had nearly 100% collection of the photogenerated car-
riers created by photons in the 200-550-nm spectral
range, with a nominal spectra responsivity at 254 nm of
~0.11 A/W. The initial spectral responsivity of the
diode from manufacturer X was 0.09 A/W.

It is evident from Fig. 4 that the inversion layer
diodes, the phosphorus-diffused diodes, and the bo-
ron-diffused diodes that were specially fabricated for
this study show little or no degradation in quantum
efficiency after UV exposure. The considerable re-
duction in quantum efficiency of the other two diodes
is probably caused by some combination of an inferior
Si-Si0, interface,?4 the presence of excessive H and
OH bonds,?526 and boron?’ in the oxide.

When the final oxide antireflection coating for any
of the three types of diode was grown in either dry,
impure oxygen, or wet, but otherwise pure, oxygen
without the rigorous process control alluded to earlier
in this paper, decreases in the 254-nm quantum effi-
ciency of the diodes that were as large as 60% in some
cases were observed following exposure to 20 mW/cm?
of 254-nm radiation for 24 h. Apparently, the final
oxide, which serves both as an antireflection coating
and the interface passivation, must be an MOS grade
SiO; coating that is grown using a clean, dry oxide
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process including a proper annealing step to assure
stability against UV exposure.

Figure 5 shows the change in quantum efficiency
over the 200-950-nm spectral range of several repre-
sentative photodiodes after baking at 100°C for 196 h.
We do not know what caused the wavy nature of the
curves for photodiodes P2, B2, and I2 between 200 and
300 nm, but it could be a small change in oxide thick-
ness. We imagine that the increase in responsivity of
the p on n device from manufacturer X is a result of
moisture outgassing during baking. Indeed, the re-
sponsivity of this device was found to return to its
original value following exposure to 100% relative hu-
midity at 37.8°C.

Figure 6 shows the change in quantum efficiency of
representative photodiodes over the 200-400-nm spec-
tral range following baking at 100% RH, 37.8°C for 48
h. Little or no change is evident in the case of the
phosphorus-diffused diode, the inversion layer diode,
and one of the boron-diffused diodes (B2) fabricated
by the new procedure. On the other hand, drastic
reductions in responsivity were observed for the other
boron-diffused device made by the new procedure
(B3), and for the p on n device made by manufacturer
Y. Although the boron-diffused devices B2 and B3
were from the same fabrication lot, they were sealed
into their packages using different epoxies. EPOTEK
H77, a high hermeticity epoxy, was used for B2, while
EPOTEK 731, a poorer hermeticity epoxy, was used
for B3. Therefore, we conclude that it is necessary to
provide a moisture-proof seal, either with the proper
type of epoxy or the proper type of weld, to prevent a
moisture-induced loss of short-wavelength quantum
efficiency in p on n silicon photodiodes.

To investigate their long-term stability, some of the
photodiodes were baked for several months at 110°C.
They were periodically removed from the oven, al-
lowed to reach ambient temperature, measured at 400
nm, and returned to the oven. Figure 7 illustrates the
results of this experiment. Once again, little or no
change was observed in the case of the phosphorus-
diffused and inversion layer devices, while the boron-
diffused device fabricated following the new, better
controlled procedure showed only a marginal responsi-
vity change. On the other hand, the boron-diffused
devices fabricated using the old standard process,
where no efforts were made to control metallic impuri-
ty contamination, exhibited a monotonic decrease in
responsivity during the prolonged baking. This de-
crease resembles the decrease in responsivity during
storage of EG&G boron-diffused diodes recently re-
ported by Stock.10

V. Conclusion

Perhaps our most general conclusion is that the n on
p photodiodes that we fabricated are inherently more
stable than the boron-diffused devices in the UV and
blue spectral regions despite equal care in the process-
ing of all diode types. We attribute this to a combina-
tion of factors. First, we believe that the Si-SiO;
interface is rather fragile, and that it is difficult both to
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eliminate recombination states there, and to prevent
them from forming due to various forms of environ-
mentally induced stress. Second, the presence in the
n on p devices of a built-in field near the oxide-silicon
interface (deliberate in the case of the phosphorus-
diffused devices, and unavoidable in the case of the
inversion layer devices) that minimizes the time that
photogenerated minority carriers spend in the vicinity
of that interface significantly reduces the sensitivity of
the n on p devices to any changes that do occur at the
interface during the life of the device.18? Third, and
perhaps most important, boron-diffused diodes seem
to have an inherent sensitivity to moisture that neither
the inversion layer nor phosphorus-diffused devices
suffer from. Nevertheless, our results show that sta-
ble p on n photodiodes can be fabricated provided that
scrupulous attention is given to avoiding metallic im-
purity contamination during wafer processing, and
moisture contamination during monitoring and stor-
age of the devices.

Our second conclusion is that the use of a dry, clean
oxide process during the growth of the final antireflec-
tion coating is essential to achieve excellent stability
against UV exposure. We believe that different mech-
anisms are involved in the case of the different types of
diode, but that the result is the same. In the case of
the boron- and phosphorus-diffused devices, it is the
high, if not perfect, stability of the interface itself that
prevents the loss of UV quantum efficiency. In the
case of the inversion layer diodes, it is the stability of
the oxide trapped charge, which induces the inversion
layer, that prevents the loss of linearity range. Indeed,
the processing sequences described above have been
adopted for the current UDT DRYV series of inversion
layer photodiodes, and they pass all the accelerated
aging tests described in this paper as shown in the
figures. In fact, they show no detectable degradation
in quantum efficiency and only marginal loss of linear-
ity range after 60 days at 20 mW/cm? of 254-nm radia-
tion. Thisis in marked contrast to the older inversion
layer diodes, which were found to lose linearity after
sever3%l hours exposure to 60 mW/cm? of UV radia-
tion.

We wish to thank Dick Duda for the large body of
spectral responsivity data that he has carefully taken
in the support of stability studies, of which the data
reported here are only a small fraction, Jeanne Hous-
ton for the internal quantum efficiency measurements,
and one of the authors (R.K.) wishes to thank N. Tan-
eja for continued support during the duration of the
project.
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Patter continued from page 5283

reached by normal spraying techniques. Coverage by the system is
expected to be more complete than that obtained by hand brushing.
The applicator is held by hand-pressure against the surface holding
the object to be painted (see Fig. 11). A rubber seal contains the
painting atmosphere and prevents the unwanted spread of paint out
of the area to be coated. A locating pin is extended to a matching
hole in the object to be coated to assure the correct positioning of the
applicator.

The painting sequence includes application, reapplication, and
venting intervals. During the application interval, paint is atom-
ized and fed into the inner chamber. The residual atomized paint
flows under the end of the inner chamber to the outer chamber. The
volume of residual atomized paint is controlled by the paint pressure
in the atomizer and the size of the expansion tank connected to the
outer chamber. Regulators and valves could also be used to dupli-
cate the function of the expansion tank. The reapplication interval
begins with the evacuation of the inner chamber. This causes the
atomized paint to flow back from the outer chamber to the inner
chamber, coating surfaces that were not reached during the applica-
tion interval. In addition, the evacuation might be halted and
resumed once or several times in a controlled manner to create
pressure/vacuum pulses that would alternately accelerate and decel-
erate the flow of atomized paint toward the fastener. During the
venting interval, the inner chamber is evacuated more completely.
The remaining paint and air in the secondary chamber is withdrawn
into the primary chamber and the check valve opens, allowing air to
be drawn into the expansion tank and outer chamber. Thus, the
atomized paint is flushed from the chambers, and excess paint is
removed from the fastener.

An alternative version (see inset in figure) relies on electrostatic
attraction to apply the paint to the fastener. In this case, the inner
tube serves as a positive electrode and the fastener as the negative
electrode. An insulator on the inside of the inner tube prevents
accidental electrical contact between the two electrodes. Voltage
regulators and electronic sensors help to guard against arcing.

This work was done by J. Arthur Leifsen of Grumman Aerospace
Corp. for Johnson Space Center. Refer to MSC-21080.

Slot-height measuring system

A measuring system that includes a slot-depth transducer and a
wheel-driven rotary optical encoder makes repeated measurements
of slot depth vs position along the slots on the leading and trailing
edges of the blown rotor blades of an experimental aircraft. Anx-y
recorder plots the slot depth and position on 28- by 43-cm paper so
that the measurements can be studied visually to monitor progress
in the rotor-tuning process. The moving parts of the measuring
system (see Fig. 12) include a carriage that supports the slot-depth
transducer and the wheel with the encoder. The transducer and
encoder are both commercially available components. The carriage
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Fig. 12. Slot-depth measuring system uses a spring-loaded trans-

ducer to measure the slot depth and a wheel-driven rotary optical

encoder to measure the position along the slot. An x-y recorder
plots the depth vs the position.

uses the upper surface and edge of the rotor slot as guides and
reference points.

The slot-height transducer is a spring-loaded unit with a range of
2.5 mm and a sensitivity of 0.025 mm; the transducer output drives
the y-axis input of the recorder. The output of the rotary optical
encoder gives the relative spanwise location of the measuring unit as
the wheel rolls along the rotor blade. The encoder output is passed
through a digital-to-analog converter, the output of which drives the
x axis of the recorder. The plotter controls include an automatic
reset-to-zero switch on the position input so that a slot-height scan
can be started at any location along the rotor slot and from any
encoder position. A range switch for the position input allows the
full plotter paper length to be used for various blade spans; for
example, 1.5,3,or 9m. The y-axis plotter scale is 1 unit for each 0.01
unit of slot height. The cost of the system is estimated to be less
than $10,000.

continued on page 5298



