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Abstrad

We have performed a detailed investigation of the light and x-ray response of a newly developed
planar avalanche photodiode (APD) of the degy dffused type. This type of photodetedor design
has the low noise tharaderistics obtained from the deg dffusion process but it is built using
only standard planar technology. We measured an excessnoise fador of 1.8 at a gain of 6, which
is smilar to other commercial APDs. With this type of structure, the expeded gain is ~ 500 at
1600V. We have not aciieved this gain becaise there is ealy breakdown at the surface Future
designs will i ncorporate improvements in the structure to avoid surface breskdown. In spite of
this, the low noise obtained at a gain of 6, indicaes that this gructure, reading full brekdown,
has potential to work with very low noise. At this gain, it is found that the dominant contribution
to the broadening of the energy resolution comes from preamplifier voltage noise. The measured
cgpadtance was 20 @, and the rise time 11 ns at 1300V. The dependence of the gain with the

density of generated cariers has also been investigated. When the gain is measured with a
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particles (large number of electrons injected into an area of afew um), it is lower than the gain
measured with light. The decrease starts to be seen at a gain of 2. When a large amount of charge

(90 x 10° ) isinjected viaalight pulseinto alarger area (0.3 mm diameter), no effect is seen.

Subject terms. avalanche photodiode; planar design; low noise detector; deep diffusion



|. Introduction

The trend in many systems that use semiconductor detectors goes towards obtaining higher
output with fast response time. A variety of new optical techniques for biomedical,
environmental, industrial, telecommunications, and other applications has stimulated the
development of sensors that can meet stringent requirements. Most optical instruments in any
field require detectors with a particular geometry, spectral response, speed or gain. An advantage
of semiconductor detectors such as PIN and PN diodes, CCDs, phototransistors, €etc. is that they
can be easily redesigned for a particular instrument, and the time it takes to obtain a special
geometry

is only a few months. This flexibility and short design time is probably the reason for its
widespread use. Most semiconductor detectors are compact, rugged and have low power
consumption, but they have no gain and rely on low noise preamplifiers to function adequately.
They are used in lidar systems for atmospheric pollution measurements, positron emission
tomography[1], photoluminescence[2], optical guidance, and so on. When it comes to high
sengitivity, photomultiplier tubes are used most of the time. Because of the high gain, they are
used for low light level, photon counting, timing applications, spectroscopy, medical imaging.
However, it is not easy to redesign a PMT to fit a particular instrument. An intermediate solution
for applications where high speed or high sensitivity is needed, are avalanche photodiodes. These
detectors can be easlly adapted to optical instruments that need different geometry, spectral

response or gain.[3]



In this paper we will analyze in more detail the light and x-ray response a new avaanche
photodiode of the deep diffused type[4]. In section 11 we will briefly describe the structure of the
APD. In section |11 we will discuss the sources of electronic noise in the detector as well as the
amplifier and compare the results with experimental data. In section IV we will look at the

variation of the gain when large number of carriers are injected.

I1. Detector Characteristics

The APD has been developed using only planar technology, that is, the reduction of the electric
field at the edges is achieved using diffused rings [4]. The detector has the deep diffusion
structure of traditional high gain APDs [5, 6], but it requires no beveling or etching that increases
production costs. The approach used to reduce the electric field at the edges was to diffuse a
multiple ring structure around the main junction. The front p-structure and the rings are created
by boron implantation through openings in an oxide mask. Subsequently, high temperature
diffusion is performed to obtain the desired p-n structure. We have built detectors with a ring
structure around the main junction with different doping concentration and widths. The front
window of the APD has an SIO, antireflective coating optimized for ~ 500 nm, and the active
area of the APD is 3 mm diameter but the junction has a diameter of 5 mm. Because the time
response and the capacitance depend on the junction diameter and width, and not on the active
area, we have measured both parameters to show the fast response of this design. The maximum
width of the depletion layer, is determined by the resistivity of the n region, and for our design it
reaches approximately 140 pum. The capacitance of the APD[7] is approximately proportional to

the inverse of the depletion width C(V) ~ Co/W, where Cy is a constant and W is the depletion



width. This relationship allows an analyticd determination of the cgadtance & a function of
bias voltage. It aso allows a comparison between theory and experiment. The depletion layer
width for a diode with a deg junction can be obtained by solving numericdly the Poisson equation
in one dimenson[7,4]. The p-type diffusion for this type of avaanche photodiode is performed in a
seded tube under “limited source” conditions. Therefore the diarge densty profile obtained is
charaderized by the Gaussan function[7]. The solution of the Poisn equetion gives the dedric
field ddribution insde the semiconductor. The etent of the dedric field gves the depletion
width[7]. An important feaure is that the region where the dedric field is high is very extended, and
not pe&ked as in readrthrough avalanche diodeq8]. This digpe provides high gain with low
multiplication noise. Knowing the depletion region width, the cdculated cgpadtance ca ke fitted to
the experimenta data, and the mnstant C, can be found. From these equations, it is dso possble to
cdculate the gain and voltage breskdown[4]. The results $ow a maximum gain of approximately
500 at 1600V. However, these voltages could not be readed becaise surface breakdown occurred
a 1340 V. Therefore d measurements were taken with hias of 1300V or lower. Figure 1 shows the
measured (filled circles) and cdculated (solid line) cgpadtance as a function of bias. The agreement
between loth lines indicaes that the modd is corred. At 1300V the APD cgpadtance reades
approximately 20 pF, which is smilar to other deg dffused APDY5]. Because there is no
saturation of the cgadtance d this voltage, the deviceis not fully depleted. Therefore, in future
devices, when the ealy breskdown problem is lved, and higher voltages can be gplied, even
lower cgpadtances can be adieved. Another indicaion of the low capadtance is the response
time. For this test, the APD was illuminated with 650 nm laser conneded to afast pulser. The

rise and fall time was measured with a 400 MHz oscill oscope, with the APD conneded to ground



through a 50 Q resistance. The response time is shown in figure 2. The rise time is 8.5 ns and the

fall time 10.6 ns.

[11. Noise Characteristics

The noise from a detection system containing an APD has several sources. paralel and series

noise, statistical noise and gain non-uniformity noise [9, 10]:

a) Parallel noise comes from the dark current of the APD [11] (bulk, I, and surface, 1), thermal
noise from the feedback resistance, R and shot noise from the preamplifier. Parallel noise is

proportional to the integration time of the preamplifier 7, and it is expressed as ENC:

1 2ql, 4k, T 24l
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where F is the excessnoise fador, lg is the preamplifier gate arrent, q is the dedron charge and
M is the gain. The term a; 2 is added to acmunt for the transit time of the holes in the depletion
layer, Th:
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where T isthe time response of the preanplifier [12], and €=2.718



b) The series noise stems from the cgadtance of the APD, Cy and preamplifier front end noise,
€n:

1
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where Rs is the series resstance of the APD, Cy is the APD plus preamplifier cgpadtance
Another series noise term which is inversely proportional to the frequency (1/f noise) has not

been considered here because is it generally much smaller [13].

¢) The statisticd limits to the resolution in an APD are given by:

o2 =var(n) +n(F -1) (4)
where the excessnoise fador F, acounts for the broadening of the signal due to the gain. For a
light signal, such as one cming from a LED or a scintill ator, we can assume that the distribution
is Gaussan, and the varianceis:

var(n) =n

Because the illumination is uniform, differences in locd gain due to non-uniformity of the
structure ae averaged. Also, there ae no changes in locd gain due to different number of
eledrons generated in different areas. That is, there is no change in the locd eledric field due to
the charge dengty. If the gain is uniform, the statisticd contribution to the energy resolution is

then:
o =nF (5)

Fromeg. (1), (2) and (5), we can obtain the energy resolution at the input of the preamplifier.



AE? =(2.36¢)%(02 + ENC?) = (2.36¢)?(nF + ENC?) (6)

where € is the energy required to generate an e-h pair in Si (¢ = 3.6 eV). From eg. (6) we can

obtain the excess noise factor from the measured resolution data.

With the 3 mm diameter planar APD, have measured x-rays from a *®Cd source (decay from Ag
Kq = 22.16 keV) together with a pulse fromared LED. An electronic pulse was fed directly into
the preamplifier through a 0.5 pF capacitor to measure the ENC. We used standard nuclear
spectroscopy electronics, that is, the APD was connected to an e€V-5092 preamplifier from eV
Products, a shaping amplifier 2010 from Canberra and a PC based ADC/MCA from Oxford. The
LED was driven with a 74LS123 I C chip that generated a 40 ns wide pulse. The IC was triggered
with a function generator. This arrangement was used because the generator can not give short
sguare pulses at very low frequency (= 80 Hz). Also the duration of the light pulse has to be
shorter or at least similar to the rise time of the preamplifier in order for its output pulse to be
similar in shape to the x ray signal. Short pulses aso alow to use short shaping times in the
amplifier. Figure 3 shows the energy spectra from the *®Cd source for a shaping time of 0.25 ps
and a gain of 6. We have used the K x-ray peak (22.16 keV) from Ag and the 59.5 keV gamma
ray from an ***Am source to calibrate the energy of the LED and electronic pulse. The width of
the electronic pulse gives us the ENC, and the width of the LED gives us the total noise in eq.

(6).

The resolution (measured in keV) of the x-rays, LED, and electronic pulse is shown in figure 4 as
a function of gain. The LED pulse had an equivalent energy of 42 keV, (calibrated with the x-ray

signal). The electronic pulse was calibrated for each gain with the LED pulse. It can be seen that



the resolution of the LED and electronic pulse are very similar, so the F parameter obtained from
these curves has large errors. The intrinsic noise of the APD/preamplifier combination (second
term of eq. (6)) determines the energy resolution of the electronic pulse. The signal noise
(including the statistics due to the number of carriers generated and the excess noise factor) plus
the intrinsic noise determine the resolution of the LED pulse. The resolution of the x-ray peak
includes all previous noises. The gain non-uniformity leads to a broadening and the Fano factor
leads to a narrowing of the resolution. The peak from the x-ray source cannot be seen below a

gain of 3.

Figure 5 shows the F parameter determined from eg. (6) and the experimental data. Because F is
a subtraction of two quantities that are very similar (see figure 4), it is very senstive to small
changes in the resolution, therefore, all resolution measurements were repeated three times to
increase the accuracy. As seen in figure 5, the F parameter is lower than 2 for al gains, and
increases dowly. The figure shows that the F parameter has a dependence with gain similar to
other deep diffused APDs [5] which means that the performance of the planar structure is as good

as other available APDs.

To show the influence of the sources of noise described in equation (1) and (3), we have plotted
in figure 6, the intrinsic noise (contribution of the preamplifier-APD system) and the different
components that contribute to it. In the calculation, we have used the F parameter obtained
experimentally (figure 5). The values used for the different variables are taken from [4]. The
measured capacitance of the APD was 50 pF. Vaues for the preamplifier constants are from [11].

From the figure, it can be seen that the dominant contribution comes from the preamplifier



voltage noise because all measurements are taken at low gain. The preamplifier noise aso is
dominant when measuring photodiodes with no gain [13]. For most commercial APDs with
higher gain, the dominant source of noise arises from the bulk dark current, which does not
decrease with gain (figure 6, dotted ling). In our measurement, the bulk and surface dark current
do not play a dominant role. The experimental data, as measured with the electronic pulse, is aso
shown in figure 6 (open squares), it can be seen that the calculated noise agrees quite well with

the experimental data.

The resolution described in eg. (6) is modified for x-ray pulses because of the additional
broadening due to non-uniformity of the gain and the Fano factor. The Fano factor takes into
account the fact that the processes that generate e-h pairs from x-rays in Si are not independent,
because they arise from a cascade process. Therefore, the total number of electrons generated
cannot be described by simple Poisson statistics. The Fano factor in Si is of the order of 0.1 [14]
and improves the statistical accuracy of the signal as compared with light pulses. The variance is
then modified to var(n) = fn, where f is the Fano factor. The statistical contribution to the noise,

eg. (5) isthen modified to:

o’ =nf +n(F -1) @
Because of the Fano factor, the energy resolution of the x-rays should be better than the
resolution from a light pulse, however, as can be seen in figure 5, this is not the case. The reason
arises from changes in the pulse height due to variations in gain across the area of the APD.
Because the x-rays generate charge carriers that are localized in an area with a diameter of a few

um in the APD, any variation of the local gain would be observed in the output signa as a
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broadening of the energy resolution. The gain variations are mainly due to variations in the
doping concentration of the diode. This broadening is not seen with light pulses or a scintillator
because the illumination is done over a larger area. To consider this effect [15], and the Fano

factor, the energy resolution in equation (6) can be modified to:

AE,” = (2.36¢)%(02, +02, + ENC?) (8)
AE, is the energy resolution (in keV) of the x ray source seen by the system, oy, is the broadening

of the energy resolution due to the non uniformity of the gain. Note that in reference [15], gy, iS

defined as gy, = now/M, where nis the number of primary electrons.

The broadening due to non uniformity of the gain is given by 2.36 €a,,, and it is plotted in figure
7. The broadening due to the statistical noise was subtracted from total broadening using eq. (7).
The Fano factor used was 0.1 [15], and the excess noise factor was taken from figure 5. As a
reference, the statistical contribution is also plotted in figure 7. It can be seen from the figure, that

both sources of noise have a small increase with the gain in this range.

V. Gain with high intensity pulses

Another effect that modifies the energy resolution is non-uniformity of the gain due to the
localized generation of large number of charge carriers in a small area of the detector. This effect
depends on the structure of the detector, and it has been observed with x-rays when the gain

becomes large[15]. We have investigated this effect in more detail by measuring the gain with a

particles from ***Am. This source generates about 1.5 x 10° electrons in a region only a few pm
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wide. To measure the gain with the a source, we connected the APD to a preamplifier, a
gpectroscopy amplifier and to a Multichannel analyzer. Subsequently, the centroid of the pulse-
height spectrum was recorded as function of bias. To measure the gain with the light source, the
APD was connected to a charge sensitive preamplifier and to an oscilloscope. Then it was
illuminated with a pulsed red LED. The results are shown in figure 8. It can be seen that the gain
is lower when measured with particles. At a gain of 2, the a-particle gain starts to deviate from
the light gain. Deviation from the light gain curve was aso seen in reference [15], where they
observed lower gain from 5.9 keV x-rays starting from a gain of 100. The difference with our
measurement is that the number of electrons generated from the x-ray pulse in the detector is only
1600 compared to 1.5 x 10° for a particles. Therefore, they observed deviation from linearity at
higher gain than us. The most probable cause for this decrease in gain is a lowering of the electric

field in the small region where the charge was generated, thus the gain is lower.

We aso measured the gain with a high intensity laser pulse (650 nm, 100 ns wide). The laser
pulse was calibrated with a ?*)Am source to obtain the number of electrons. The gain was
measured with pulses containing = 450.000 electrons each and a spot diameter of 2.5 mm and 0.3
mm, but observed no difference in the gain curves up to a gain of 6.3. Another measurement with
=~ 90x10° electrons per pulse did not show differences in the gain for the 0.3 mm and 2.5 mm spot
size. These results indicate that the charge has to be generated in an area much smaller than 0.3

mm diameter in order to make any difference in the gain.
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V. Conclusions

We have performed a detailed investigation of a new type of planar design avalanche photodiode,
the data show that its performance is as good as other type of APDs, with the advantage that its
built using only standard silicon processing. The capacitance was close to 20 pF at 1300 V, and
the rise time at this voltage was 8.5 ns which is compatible with the low capacitance. The F
parameter for gain lower than 6.3 was found to be 1.8, indicating that the APD has potential for
low noise performance. The dominant contribution to the broadening of the energy resolution
comes from preamplifier voltage noise, because the device is run at low gain. We aso looked at
the gain as measured with different sources, and found that when a large amount of charge is
deposited in a small area (a few um diameter), the gain decreases with respect to a measurement
with low charge density. However, when a large amount of charge is generated in an area larger
than 0.3 um diameter, there is no change in gain. Thus for most light applications there should be

no effect.
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Figure Captions

Figure 1. Measured capacitance of the planar-structure APD versus bias (dots) and the calculated
capacitance (solid line).

Figure 2.Rise time of the planar process APD (top curve), for a 50 Q load, illuminated with a
650 nm laser. The lower curve shows the pulser signal.

Figure 3. Energy spectrafrom a ®Cd source, an electronic pulse and a LED, for the 3 mm
diameter planar APD. The shaping time used was 0.25 pswith again of 6.

Figure 4. Excess noise factor versus gain for the 3 mm diameter planar-structure APD.

Figure 5. Energy resolution of the x ray, light and electronic pulse versus gain, for a0.25 ps
shaping time. The lines are a guide to the eye.

Figure 6. The energy resolution in keV of the electronic pulse (open squares) along with the
components of the intrinsic noise from eg. (1) and (3). It can be seen that at these low gains, the
dominant term is the preamplifier voltage noise (e,°C+?).

Figure 7. Contribution to the energy resolution from non uniformity of the gain and statistical
noise. Variationsin gain are mainly due to doping in-homogeneities.

Figure 8. Gain versus voltage measured with a LED pulse and with alpha particles from ?**Am.
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