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Abstract—Very high quantum efficiency, UV-enhanced silicon photodiodes have been developed by
arsenic diffusion into p-type silicon as an alternative to the inversion layer photodiodes commonly used
in precisc radiometric and spectroscopic measurements. The fabricated diodes had an unbiased internal
quantum efficiency that was 100% from 350 10 550 nm, and that exceeded 100% at shorter wavelengths.
A typical responsivity at 200 nm was 0.1 A/W. No degradation in responsivity was detected anywhere in
the 200-]1100 nm range when these devices were exposed to 20 mW/cm® of 254 nm radiation for 60 days.
Thus the theoretical maximum value of internal quantum efficiency for a diffused photodiode appears to
have been achieved in the UV and short wavelength visible, without compromising the diode’s long term
stability. This is in marked contrast to older types of diffused photodiodes, which either were “dead™ in
the UV, or exhibited a spectral response vs flux characteristic that changed coosiderably with UV

exposure. .

INTRODUCTION

Various aerospace, medical, spectroscopic and radio-
metric measurement applications require a semicon-
ductor photodiode with high UV responsivity and
long term stability. Many different types of silicon
photodiode, such as Schottky barrier{l], extremely
shallow diffused junction[2), natural inversion
layer{3], double junction{4), n *~n ~—p[S], and induced
metallurgical junction{6] devices have been in-
vestigated for this application. Because the incident
UY radiation is absorbed by silicon within a few tens
of nanometers of the oxide-silicon interface, all of the
above investigations included efforts to minimize
recombination at and near this interface. However, it
appears that 100% internal quantum efficiency has
been achieved in the UV only with inversion layer
diodes. )
Inversion layer diodes have a low linearity range
(the range over which the diode current is propor-
tional to input irradiance) due to the inherently high
sheet resistance of an inverted semiconductor layer.
Also, there is some concern (for example, see Ref.[2])
that the oxide charge that sets up the inversion layer
could be neutralized (in acrospace applications) by
high energy particles, further reducing the already
low linearity range.t Thus, there is a need for a
diffused diode that is as responsive in the UV as the
inversion layer diode, and is at least as stable under

tWe are able to produce inversion layer diodes that exhibit
no linearity degradation at the +05% level after
exposure 10 24 h of | mWjcm® of 254 nm radiation. but
since different mechanisms are involved. we do not
know whether these diodes would also be stable under

exposuse to high epergy particles.
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UV radiation. Ideally the device would have a UV
and short wavelength visible responsivity that was
unaffected by x-rays, gamma rays and high energy
particles, as well as by UV radiation.

DESIGN CRITERIA

The design of a highly UV-responsive diffused
diode dictates that the rate of recombination of
photogenerated excess minority carriers in the
diffused region and at the oxide-silicon interface be
negligible compared to their rate of collection by the
junction. This can be achieved with a
“recombination-center free” diffused region. whose
maximum dopant concentration is limited to avoid
Auger recombination{7), and whose majority carrier
profile creates a built-in field that repels excess minor-
ity carriers from the interface before they ever reach
1t

The commonly used p-type impurity, boron, mi-
grates from the silicon surface into the oxide during
th‘; final thermal oxidation step, which is carried out
to grow a thin film of silicon dioxide that serves both
to protect the silicon surface and as an antireflection
coating. The resulting acceptor profile, which is de-
pleted in the vicinity of the oxide-silicon interface,
creates 2 built-in electric field perpendicular to the
interface, directed toward the bulk. Any positive
trapped oxide charge also contributes to this field,
usually providing the dominant contribution very
near the interface. The resulting electric field attracts
the photo-generated minority carriers (clectrons) cre-
ated in the diffused region towards the oxide-silicon
interface, greatly enhancing the carrier loss due o
interface recombination{8,9]. This rules out the most
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convenient p-type impurity for forming a p*-n UV
enhanced photodiode by diffusion methods.

On the other hand., n-type impurities such as
phosphorus and arsenic tend to pile up in the silicon
during oxide growth, creating a built-in field near the
oxide-silicon interface that is qualitatively similar to
that existing in an inversion layer. Oxide-n-—p
(opn) devices that use this built-in field to eliminate
interface recombination have been proposed
previously[10]. However, one of the authors (Jon
Geist) failed in an attempt to achieve 100% internal
quantum efficiency following the prescription out-
lined in Ref.[10]. A possible cause of this failure is
that ion implantation damage remained after an-
nealing, and reduced the front region lifetime to a
level comparable to the collection time of the junc-
tion. In this paper, we describe devices similar to
those proposed in Ref.[10], but in which every source
of front region recombination is minimized.

Of the three most common n-type impurities,
phosphorus, arsenic and antimony, it is arsenic that
seems the most ideal. It has a zero misfit factor in
silicon[11], which allows a considerable concentration
of arsenic to be introduced into the silicon lattice
without generating strain. Thus ‘“‘recombination-
center free™ arsenic impurity diffusion can be
achieved, provided that silicon with a sufficiently low
concentration of dissolved oxygen is used as a start-
ing material{12,13], and that slip and dislocation
generation caused by temperature gradients are
avoided during the high temperature wafer
processing[14]. Additionally, the absence of lattice
strain with arsenic diffusion avoids the flattening of
the impurity profile near the silicon swiface that
occurs with boron. phosphorus, and antimony
diffusion{15]. Finally, arsenic has a segregation
coefficient comparable to that of phosphorus{16] and
a thermal diffusion coefficient smaller than that of
phosphorus[17}, so the calculations mentioned in
Ref.[10] should apply, at least qualitatively, to arsenic
doped devices as well as to phosphorus doped de-
vices.

DEVICE FABRICATION

Figure 1 is a schematic diagram of the type of
device that we built to test the ideas presented in the
last section. The starting material was a float-zone,
(111), p-type. 110 Qecm, one side mirror polished
silicon wafer (Wacker Chemitronict). After the p*
channel stop and n* guard ring were formed by
selective boron and phosphorus diffusions, re-
spectively, arsenic was predeposited in the 1cm®
active area of the device using a planar arsenic

tReference in this paper to commercial products is provided
to adequately describe the experimental technique. It
imolies neither indorsement by the National Bureau of
Standaras nor that the product so referenced is the best

for the purpose.
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Fig. 1. Schematic diagram of the arsenic diffused UV-
: enhanced silicon photodiode.

source[18]. The arsenosilicate glass formed during the
predeposition was etched in 10% hydrofluoric acid
and the final passivating, SiO, anti-refiection coating
was grown in dry oxygen. Windows were opened at
the desired locations in the diffused regions by stan-
dard photolithographic processes, and aluminum was
vacuum evaporated on these windows for ohmic
contacts. The aluminum was sintered, and the wafers
were sawed into the individual chips. The completed
chips were mounted on standard UDT FIL UV-100
packages for performing the various electro-optical
measurements described below.

RESULTS AND DISCUSSION

The spreading resistance profile for a typical
arsenic diffused diode is shown in Fig. 2. No pile-up
of arsenic at the oxide-silicon interface is evident
from the profile, but spreading resistance may not
have the sensitivity needed to detect this detail of the
impurity profile. Very steep pile-up of phosphorus at
the oxide-silicon interface after thermal oxidation
has been observed[19] using Auger sputtering as a
profiling technique. Since arsenic has a comparable
segregation cocfficient(16] and a smaller diffusion
cpefficient{17] than phosphorus, even steeper pile-up
of arsenic can be expected. The high surface fields
that pile-up generates are essential for the high UV
quantum efficiency and stability desired of these
diodes[9). Indirect evidence for the actual occurrence
of the pile-up is essentially the 100% internal quan-
tum efficiency reported later in this paper.

A few obviously defective diodes were rejected on
the basis of low shunt resistance or breakdown
voltage. The shunt resistance of the remaining diodes,
which was calculated as the average of the forward
and reverse dark currents for a 10 mV bias voltage,
clustered around 40 MQ. The breakdown voltage,
which was measured on a transistor curve tracer,
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Fig. 2. Spreading resistance profile of the diffused arsenic.

clustered around 50 V, and the junction capacitance,
which was measured with a capacitance bridge oper-
ating at 100 kHz, was found to cluster about 5nF.

It is interesting to note that the capacitance of the
arsenic diffused photodiodes is slightly higher than
the capacitance of inversion layer photodiodes of the
same active area fabricated on the same resistivity
substrate. This is to be expected, because the capaci-
tance of an inversion layer diode is the series combi-
nation of the depletion and inversion layer capaci-
tances. Even though the arsenic diffused diodes had
a higher junction capacitance, their 10-90% rise-
time, which was about 2 us for 880 nm radiation, was
about one half that of the equivalent inversion layer
diode rise-time. The 880 nm rise-time could be further
reduced either by fabricating the devices on higher
resistivity substrates to reduce the junction capaci-
tance, or by sacrificing visible region responsivity to
diminish the carrier diffusion contribution to the

rise-time, or by applying reverse bias.

The linearity range of the arsenic diffused diodes.
which was measured at 633 nm using the a.c./d.c.
method[20], extended from about 10pW/em?® to
about 1 mW/cm®. The upper end of this range is
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Fig. 3. UV region spectral responsivity of the arsenic
diffused photodiode with 30 nm (@) and 55 am (Q) SiO,
antireflection coatings. The responsivity of an inversion
layer photodiode (A) with a3 5Snm SiO; antireflection

coating is also shown for comparison.

about four times greater than that for the equivaient
inversion layer diode. :

Both the spectral responsivity in the 200-400 nm
spectral region and the internal quantum efficiency in
the 300-900 nm spectral region were measured on a
few of the arsenic diffused devices. The UV spectral
responsivity measurements were conducted by the
comparison method([21] usisng a high spectral purity
monochromator and a deuterium lamp UV source.
The internal quantum efficiency measurements con-
sisted of simultancous measurements of diode
reflectance{22] and spectral responsivity by the com- _
parison method, using a different high spectral purity
monochrometer and an Argon mini-arc source. In
both cases, the reference detector was a silicon photo-
diode whose absolute spectral responsivity had been
determined independently at NBS.

Figure 3 shows the spectral responsivity of two
typical arsenic diffused diodes having silicon dioxide
antireflection coatings of 55 and 30 nm, respectively.
The spectral responsivity of an inversion layer diode
having a 55 nm silicon dioxide antireflection coating
is also shown in Fig. 3 for comparison. As is evident
from the figure, the inversion layer and arsenic doped
devices with the same antireflection coating have
essentially the same spectral responsivity, indicating
minimal, if not negligible, recombination in the
diffused region and at the interface.

Figure 4 shows the measured internal quantum
efficiency of one of the arsenic diffused diodes from
300 to 600 nm. To the accuracy of this measurement,
which varies from about +0.5% at 350 nm to about
+0.25% at 550 nm, the internal quantum efficiency
is unity in this wavelength range. The increase in
internal quantum efficiency below 350 nm is caused
by impact ionization involving energetic photo-
generated carriers{23], while the decrease in internal
quantum efficiency above 550 nm is caused by the
recombination of some of the minority carriers cre-
ated in the p-type silicon beyond the depletion region
as described in Ref.[20].

Both the evidence of Fig. 4, and the fact that the
responsivity of the arsenic diffused diode with the
30nm antireflection coating is higher in the
200-220 nm region than that of any inversion layer
device that we have previously measured, strongly
suggest that recombination in the diffused region and
at.the oxide interface is indeed negligible in the
arsenic diffused devices. This, in turn, suggests the
existence of a strong built-in field at the oxide-silicon
interface, which is consistent with arsenic redis-
tribution pile-up during oxide growth.

The high internal quantum efficiency of the aew
arsenic diffused photodiodes will not be very usetul if
it is not stable under UV irradiation or if it decreases
during storage. To test the stability of the fabricated
devices under UV irradiation, they were continuously
exposed to 20 mW/cm® of 254 nm radiation over a
period of over 60 days, except for short periods when
their spectral responsivity and lincarity were re-
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Fig. 4. Internal quantum efficiency of a typical UV-
: enhanced arsenic diffused photodiode.

measured. No degradation was observed in either
characteristic at the +0.5% level of precision of our
measurements during the entirc duration of this
experiment.

Recently, a decrease in UV responsivity during
storage was reported for one type of UV enhanced
photodiode[24], but such an experiment must last for
a number of years before small trends can be de-
tected. Perhaps valid accelerated aging tests can be
developed, but they must also be validated against
long term studies. So only time will tell if the devices
described in this paper retain their high quantum
efficiency over periods of many years. Certainly the
results of the UV degradation studies are encour-
aging in this regard.

CONCLUSION

A new type of UV enhanced photodiode has been
fabricated and tested.. It was found to combine high
UV quantum efficiency, linearity range and stability
against exposure to intense UV irradiation.
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