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Abstract

We have measured the efficiencies and time responses of several large-
area (200 and 80 mm?2) beveled-edge avalanche photodiodes to x-rays of
energy 6-20 keV in a photon counting mode. The diodes were used with
avalanche gains of 102 to 103. Detector efficiency varied from ~50% at
8 keV to ~5% at 20 keV, while the time resolution was ~1/2 ns with a tail
out to longer times (=5 ns). The duration of the tail may be reduced (<2 ns)
by selecting only larger pulses from the diode (increasing the discriminator
threshold). These results are well explained by a simple physical picture of
the device: the fast response is due to x-rays absorbed in the depletion
layer, and the tail results from x-rays absorbed in a low-field undepleted
region in front of the diode. For one device, the total active thickness
(depletion and low field region) was measured to be 49 mm and the low

field region to be 9 nm.
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. Introduction

Avalanche photodiodes (APDs) are possible replacements for the
traditional scintillator-photomultiplier (PMT) combination used in many
photon-counting experiments for x-rays of energies <20 keV. They are
intrinsically fast devices having good time resolution and large dynamic
range [1]. When used in a spectroscopic setup, their energy resolution is
better than an Nal(TI)-PMT combination, and similar to a proportional

counter (~10% at 5.9 keV) [2][3][4].

An avalanche photodiode is essentially a reverse biased p-n junction
operated near [5] its breakdown voltage (see [6] and [7] for detailed
reviews). The electric fields are sufficiently high (10> V/cm in Si) that
current reaching the high field region will be amplified through impact
ionization, resulting in gains that may vary from 101 to 103. However, the
gain is a sensitive function of the electric fields in the device, and it is only
relatively recently that processing techniques have allowed sufficient

control [8] to make large area (>~1 square cm) devices of good uniformity.

Presently APDs are being used in an increasing number of applications.
APD/scintillator combinations [4][9], are used to detect high energy
(>-100 keV) x-rays. Here the advantage of the APDs over PMTs is their
immunity to magnetic fields (as high as 2 T [10]) and their small size and
ruggedness. APDs may be used for direct detection of low-energy
(~1.5 keV [2][3]) and very low energy x-rays (200-700 eV, in a Geiger
mode [11]). The time resolution of specially designed APDs has been
pushed as low as 20 ps (cooled and operated in Geiger mode [12]). APDs

have also been used as the amplifying element in a photomultiplier tube



[13][14]: the photocathode is followed by a high field region that
accelerates photoelectrons to about 10 keV before they hit the surface of

an APD, for a total gain of ~106. Finally, multipixel arrays of APDs for x-ray

detection have been fabricated [15].

I1. Devices Measured

We have investigated the time responses of 4 large-area silicon APDs to x-
rays of energy 6 to 20 keV. All diodes were of the "beveled edge”
configuration [16] manufactured by Advanced Photonix, Inc. (API) [17].
Three of the devices were 16 mm in diameter, and one was 10 mm in
diameter. Table 1 lists the voltages, gains, and dark currents for each diode
just before breakdown, as measured by API before delivery. Note that

there is some diode-to-diode variation.

The basic structure of these devices is shown in Fig. 1, while Fig. 2 shows
approximate doping, field, and avalanche coefficient profiles. When high
voltage (2200-2500 V) is applied across the APD, the depletion region
spreads out from the p-n junction to within 5-10 nm of the surface and
deep into the n region, resulting in the field profile shown qualitatively in
Fig. 2b. The front portion of the p region has a residual field estimated to
be 50 V/cm [18], resulting from the high doping gradient [19]. The peak
field near the junction is estimated to be ~1.8x10° V/cm [20], sufficient to
cause impact ionization by electrons. Figure 2c shows the approximate
distribution of the ionization coefficient (the inverse of the average length
required for an electron in the high-field region to generate an electron-
hole pair). This last is effectively the gain that an electron traveling

through the APD will experience at each position. Note that in silicon the



ionization coefficient for holes is much lower than that for electrons so, to a

first approximation, hole amplification may be ignored [21].

1. Model for X-ray Response

X-rays incident from the p+ side of the device will be absorbed in the
silicon with a characteristic (1/e) attenuation length Laps(Eg), where Eg is
the photon energy. This is plotted in Fig. 3 [22]. The majority of absorption
events result in the production of a fast electron having nearly the energy
of the incident photon. This fast electron slows, generating one electron-
hole pair for every 3.6 eV of energy [23], over some characteristic distance:
the range for a 10 keV electron in Si is approximately 1.4 mm [24]. On the
scale of field variations within the diode, each x-ray absorption event may

be considered a point-like deposition [25] of E¢/3.6 eV electron-hole pairs.

The single photon, x-ray response of these APDs can be understood by
considering the locations at which the x-rays are absorbed. There are three

regions of interest (see Figs. 1 and 2).

(i) X-rays absorbed in the undepleted p region (the first 5-10 nm
of the device), where there is a small electric field, will
generate electrons that will be slowly (1.3 ns/mm for a field of
50 V/cm in pure Si [26]) transported to the edge of the high-
field region, where they will then be swiftly carried to the
high-gain region and amplified. However, there will be a delay
of as much as several ns due to the time required to traverse
the low-field region. In addition, traps [27] in this region may

hold electrons for long periods of time (tens of ns to several ns



[28]) causing a reduction in the peak amplitude of the current
pulse getting to the high-field area as well as lengthening its
trailing edge as the electrons are released. These effects
combine to give output pulses from the APD having lower peak
height, a slower fall time, and, possibly, a slower rise time than
pulses from absorption of x-rays in the high-field region ((ii),
below). The pulses from this region may also have a lower
integrated charge if some of the traps lead to recombination, as

well as delay.

(i) X-rays absorbed in the front portion of the depleted p
region will generate pulses with a fast rise time and the
complete gain of the device. Electrons will quickly (<1 ns) be
transported to the high gain region of the device and amplified

with approximately the average device gain M [29].

(i) X-rays absorbed within the gain region of the device,
either at the back of the depleted p region, or in the front of
the depleted n region, will generate electrons that will only be
partially amplified, resulting in lower amplitude pulses that
will appear (up to a scale factor) much like pulses from region
(ii) above. The amplitudes of these pulses should vary

continuously to zero.

This simple model accounts nicely for the results described below.



IV Experimental Setup

X-Ray Source

All of these measurements were done at Stanford Synchrotron Radiation
Laboratory (SSRL) on bending magnet beamline 2-3. A two-crystal silicon
(220) monochromator was used to define the photon energy to <~0.1%. A
slight angular shift between the two crystals was introduced to reduce the
contribution of higher-order harmonics. Second-order harmonic
contamination was less than 0.5% from 8 to 10 keV, and substantially less
than that (<0.1%) above 10 keV [30]. The photon beam was collimated to a
spot size of about 50 x 150 nmm, and passed through an ion chamber before

falling on the photodiode.

The time structure of the x-ray pulses is the same as that for the electron
bunches in the storage ring (SPEAR). The radiofrequency (rf) of the
accelerating field, 358 MHz, confines electrons to bunches of nearly
Gaussian shape and small width (full width at half maximum = 0.13 ns
[31]) separated by integer multiples of 2.8 ns = 1/358 MHz. Typically, only
every fourth or fifth rf bucket was filled with electrons, around ~2/3 of
the ring circumference, with ~1/3 of the circumference left empty. The
electron distribution was then a series of bunches separated by 11.2 or
14 ns followed by a dead time of ~250 ns. This was repeated at 1.28 MHz,
or every 780 ns, corresponding to the ring circumference. Upon close
examination, smaller bunches (by a factor of ~10-3) were discovered
between the bunches described above. These "minibunches” were an
irritant in the measurements described below, but not a problem, since

they could be identified by their 2.8 ns periodicity (Fig. 9).



Electronics

Figure 4 is a schematic of the electronics used in these measurements. A
more detailed description noting facts relevant to these measurements

follows.

High Voltage Control

The APD was kept at positive high bias using a Bertan current-limited
voltage supply. The limit was set so that if the APD drew more than 8 mA
current, the high voltage would shut off. This happened perhaps five times
during a ~10 day experimentation period. Only once did the supply shut
off at APD gains of less than M~500 (most shut offs were at gains of 1000
or higher and, therefore, at higher voltages as well). Shut offs seemed

uncorrelated with high count rates.

Signal Amplification and Output Pulse Shape

The signal from the APD was immediately fed into a Phillips 6954 pulse
pre-amplifier (x100). The output of the 6954 amplifier was sent through a
32 ns cable to another amplifier (EG&G FTA 420) which provided
additional x20 gain. A scope photograph of the signal out of the FTA 420
amplifier is shown in Fig. 5 for APD#1 operated at a gain of M~300. Each
trace corresponds to the pulse generated by the absorption of a single
14.4 keV photon. Note the appearance of two distinct types of pulses, one
having large amplitude and the other with a smaller amplitude, slower
decay and possibly a slower rise time. These may be identified with
photons absorbed in regions (ii) and (i), respectively, as will be shown

below [32]. In addition, pulses from region (iii) create a general blurring of



the area under the larger amplitude peak. The signals from diodes 2, 3,
and 4 were similar to that for diode 1, with the exception that, for diode 4,
the rise and fall times were slightly shorter, and the intensity of the lower

amplitude component was reduced.

Timing Electronics

The output of the 420 was fanned out (Phillips 744) and sent to a constant
fraction discriminator (Ortec 934 CFD). The discriminators have adjustable
thresholds from -30 to -1000 mV. The minimum (magnitude) threshold
used was about 55 mV in order to discriminate against noise from the
6954 amplifier. For this threshold, noise from the amplifier triggered the

discriminator at rates much less than 0.1 Hz.

The time response of the diodes was determined by measuring the interval
between the CFD output and a signal synchronized to the 1.28 MHz ring
frequency of the synchrotron (and therefore locked to the time at which
photons hit the APD surface). The CFD output was used to start a time to
amplitude converter (TAC), and the 1.28 MHz signal was used as a stop
[33]. The TAC output was fed into a multichannel analyzer with conversion
gain set so that one channel was 1/12 ns. A check of the ring timing signal
against a delayed copy of itself showed the jitter in the electronics to be

about 2 channels, ~0.2 ns.

V. Efficiencies

The efficiency of each APD was calculated by dividing the number of
pulses out of the device causing the CF discriminator to fire by the flux

incident normally on the surface of the silicon (both integrated over



10 seconds). The latter number was calculated from the integrated current
out of the argon-filled ion chamber immediately upstream of the APD and
introduces an error of < 5% over the energy range of 8-20 keV [34]. Note
that in all cases the efficiency quoted here is for photons incident on the
surface of the silicon of the APD: there has been a correction included for
the absorption in the thin Al window used as a visible light shield in front

of the diode [35]. Count rates were typically ~104/sec.

Figure 6 shows the efficiency as a function of energy for all four diodes at
comparable average gains M~200 and a 55 mV discriminator threshold
(about 10% of the peak signal height at 14.4 keV). The average gain M for
each diode was calculated by finding the voltage across the APD and using
tables provided by API for each diode. Note that these tables of gain as a
function of voltage were generated using visible light that illuminated the
entire surface of the APD. For point-like illumination, as was used here,
these values are approximate: the gain varied (for a fixed voltage) by
about 10% for M~200 when a diode was scanned through the 14.4 keV x-
ray beam. Gain variations have been seen before (e.g. [6]) and tend to

worsen at higher average gains.

The measured efficiency depends on the setting of the discriminator
threshold. In general, it is desirable to set this threshold as low as possible
to get the highest efficiency, but not so low that noise triggers the
discriminator. The lower limit, set by noise from the 6954 amplifier, was
40 mV. Table 2 shows how this threshold affects the efficiency measured
for APD#1 at two different gains at 14.4 keV. At the lower gain, one does
not count all the photons absorbed within the active region of device, while

at the higher gain, the efficiency seems to have saturated. In fact, for



APD#1, the gain was raised as high as M~2000 with an increase in
efficiency at 14.4 keV to only 0.119. This suggests that for gains of M>~600
with APD #1, and energies 2 14.4 keV, the measured efficiency is a good
estimate of the actual fraction of photons that are creating pulses within

the active thickness of the APD.

A series of measurements of the efficiency of APD #3 with M~700 and a
55 mV discriminator threshold allow estimation of the active thickness of
silicon in the diode. This is possible because the absorption length of x-rays
in silicon varies from 65 mm at 8 keV to 983 mm at 20 keV (see Fig. 3).
Assuming the 55 mV threshold is sufficient to collect all of the pulses that
undergo amplification, one would expect the device to have 100%
efficiency over some active thickness of silicon. The efficiency E should

then be fit by the expression
E(Eg) = c(Eg) * [ 1 —exp{-Lactive / Lans(Eg) } 1, (1)

where Laps(Eg is the absorption length in silicon for x-rays of energy Eg
and Lactive 1S the active thickness of the photodiode. The quantity in
square brackets is simply the fraction photons absorbed in the first Lactive
thickness of material (the ~0.2 mm p+ layer and the ~0.5 nm passivation
layers at the device surface have been neglected). The term c(Eg is a
correction factor to compensate for the fact that not all absorption events
generate electrons. It is the ratio of the photoelectric cross section to the
total cross section (photoelectric + Compton + Raleigh) and varies from 0.99

at 8 keV to 0.93 at 20 keV [22][36].

The data and a fit to the data using Eqg. (1) are plotted in Fig. 7. The

agreement is quite good, giving Lactive = 49 mm. Note that 49 nm is about



10 mm larger than xj, the distance from the front of the device to the
junction. This confirms that there is significant gain in the front portion of

the depleted n region.

The efficiency of the diodes may be improved if the incident x-ray beam
has a small area. The diode may be tipped, relative to the incident beam
direction, so that the x-ray path length in the active region of silicon is
increased. This has been done, with a factor three increase in efficiency
(from 0.1 to 0.3) observed at 14.4 keV, for a beam incident at about 70

degrees from normal.

VI. Time Response

Response at 14.4 keV

The time response of APD #1 to 14.4 keV radiation (M~200, discriminator
threshold 55 mv) is shown in Fig. 8. The plot shows the distribution of the
number of events (each a single x-ray absorption) triggering the constant
fraction discriminator as a function of the time after the signal
synchronized to the electron storage ring. The plot may be interpreted as
being the probability distribution for the time required for an Xx-ray
entering the device to generate an output pulse larger than the
discriminator setting. The responses of all diodes are similar, showing a

sharp peak of FWHM ~1/2 ns and a tail out to later times, lasting ~5 ns.

The basic response pattern, sharp peak followed by a long tail, is easily
explained using the model above. The counts occurring in the peak are
from photons absorbed in the depletion region of the diode where

photoelectrons are quickly transported to the avalanche region and



amplified. The tail is from photons absorbed in the undepleted p region at
the front of the device, where the field is low, so that electrons are only

slowly transported to the depletion region.

For timing measurements, it is desirable to reduce the tail on the response
curve. This is possible by raising the discriminator threshold, thereby
selecting for larger pulses. Figure 9 shows the effects of higher
discriminator thresholds on the response of APD #3: the tail is reduced in
length, while the FWHM is unaffected. Note that in Fig. 9 the amplitude of
the peak also decreases, suggesting that the higher discriminator threshold
reduces the number of "fast" events. This is due to removal of the events
in which x-rays were absorbed in the interior of the avalanche region

where the photoelectrons were not fully amplified.

Similar results were obtained for all four diodes, as shown in Fig. 10,
where the FWHM and full width at 100th maximum is plotted as a function
of the efficiency obtained by raising the discriminator threshold (higher
efficiencies corresponding to lower thresholds). Note that the full width at

half maximum remains constant over this range.

The correlation of pulse height with delay time may be explained in terms
of the model above by assuming that the front low field region has
mechanisms that will trap electrons for short periods of time (at least a
few ns) or even lead to recombination. If the number of electrons trapped
increases with distance traveled in this region, then one would expect
exactly the correlation noted: when absorption occurs in the undepleted

region, the output pulse will be delayed due to the transit time in the low



field and attenuated due to trapping. Both delay and trapping will increase

as the point of absorption moves toward the surface [37].
Variation in Time Response With X-ray Energy

The model above suggests that the counts in the tail of the time response
are due to absorption of x-rays in the front of the APD in the undepleted p
region. A simple confirmation of this is the change in response with x-ray
energy. In particular, one would expect that as the attenuation length for
the x-rays in Si decreases at lower energy, a larger fraction of the x-rays
would be absorbed in the front of the device, leading to larger tails. This is
confirmed in Fig. 11 which shows the increase in tail amplitude as the x-

ray energy varies from 14.4 to 5.5 keV for APD#1 at M~700.

A guantitative measure of the increase in tail size may be obtained by
measuring the number of counts in the tail of the time response as a
function of photon energy. Figure 12 shows a plot of the "slow efficiency"”
in the tail, calculated by multiplying the measured efficiency by the
fraction of counts occurring more than 1/2 ns after the peak of the time
response. The solid line is a fit to an expression of the form of Eq. (1).
There is good agreement for a "slow" active length of Lsjow = 9 mm,
suggesting the low field region at the front of the device is ~9 nm thick. In
addition, the length of the tail, ~4 ns, gives the average velocity over this
region to be 2.3 nm/ns, corresponding to an average effective field of
about 160 V/cm (mobility ~1450 cm2/s/V [26]), somewhat different than
the 50 V/cm value suggested by API [18]. The reason for this difference is

not yet understood.



VIl. Summary

This work presents a clear picture of the time response of one type of
large-area avalanche photodiode. This response is easily and consistently
understood relative to the device structure and the point like creation of
carriers from x-ray absorption. The active thickness of silicon, ~50 mMm,
may be conceptually and practically divided into three regions. The front
~10 mm is not depleted and contributes a tail to the time response
resulting from the low drift velocity in this region. The next ~20 mm of
silicon is depleted, having a high drift velocity. The field in this region,
however, is not sufficient to cause significant gain, so photons absorbed in
this region will generate electrons that are quickly transported to the high
gain section of the device where they are fully amplified. The last ~20 mm
of the device is the gain region, and photons absorbed here will be quickly,

but only partially amplified.

APDs used for direct detection of x-rays may be good replacements for the
traditional scintillator/photomultiplier tube combination. APDs have a
faster response, larger dynamic range, and better energy resolution. The
efficiency, as measured here, may not be as good at high energies, due to
the limited stopping power of the ~50 rm of silicon [38]. However, this may
be improved by a factor of 3 or more for small-area x-ray beams (e.g.
synchrotron beams are ~10 x ~1 mm) simply by tipping the device and

increasing the x-ray path length in the active thickness of silicon.
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were slightly transparent to visible light, resulting in a larger background
current. This was not desirable for the measurements described here,

which were occasionally carried out at very high gains. Therefore a 25 nm

Al window was used in this work.

[36] Equation (1) ignores multiple scattering: the possibility that a photon
might suffer non-destructive scattering at one location and then be photo-
electrically absorbed someplace else. This is reasonable because the
correction is only significant at higher energies at which the active device

thickness is much less than the absorption length for the x-rays.

[37] Another partial explanation might be a non-uniform electric field
profile (where the field decreased toward the front of the device),
resulting in a larger transit time spread (due to the spatial extent of the
initial charge cloud) and therefore lower peak height for absorption events
occurring at the front of the layer. However, the flatness of the time

response in the tail suggests that this is not the dominant cause.

[38] An alternative to the beveled edge design, the reach through design
(see references [2], [6] and [7]), permits increasing the active thickness to
>100 nm of silicon, with a decrease in the average electric field strength.
We have not tested any of these devices, but would expect improved x-ray
efficiency at the cost of poorer time resolution. Larger-area reach through
devices (5 x 5 mm) are available from EG&G Optoelectronics Canada, 22001
Dumberry Road, Vaudreuil, Quebec J&V 8P7 Canada. Telephone (514) 424-
3300.



Tables

Table 1: APD parameters just before breakdown. From the data sheets
supplied with each diode from API.

APD Number Diameter Voltage (V) Gain (M) Dark Current
(mm) (UA)
1 16 2510 ~2500 1.7
2 16 2213 ~740 3.5
3 16 2223 ~500 3.6
4 10 2188 ~260 0.2

Table 2: Efficiency as a function of discriminator threshold for APD#1
operated at two different gains. Note saturation at high gain and low
threshold.

Discriminator Efficiency at Efficiency at
Voltage (mV) M~200 M~600
42 0.102 0.115
50 0.097 0.112

60 0.077 0.110



Figure 1.

Figures

Schematic cross section of a beveled edge APD. X-rays enter
through a thin (~0.2 nm) p+ window at the device surface (x=0)
and are absorbed in the silicon, generating electron-hole pairs
that are then amplified. The depletion region extends from xp in
the p-region to Xxp in the n-region. The junction is located at
Xj~38 mm. There is a ~0.5 nm thick passivation layer on the

entrance surface which is not shown.

Figure 2. Approximate (a) doping, (b) field and (c) ionization coefficient

Figure 3.

Figure 4.

(local gain) for the APD's used here. The vertical dashed lines are
approximate divisions for the regions discussed in Section Il of

this paper. Modified from a figure in [18], courtesy of API.

X-ray absorption (1/e) length in silicon as a function of x-ray

energy. From fits in [22].

Schematic of electronics used in this experiment. Component
values are Rp=8.2 M for the protection resistor and C=100 pF for
the coupling capacitor. After pre-amplification (x100) the signal
was sent to a NIM bin where it was further amplified (x20) and
the sent to a constant fraction discriminator (CFD). The
discriminator output was used to drive a time to amplitude

converted (TAC).

Figure 5. Scope trace for APD#1 as seen on a Tektronics 475A oscilloscope

looking at the output of the 420A (x20) amplifier. 14.4 keV



photons were incident at a rate ~10 kcts/sec and the diode was

run at 2435 V, M~300. One division is 200 mV and ~2.5 ns.

Figure 6. Efficiency measured for each APD as a function x-ray energy at

Figure 7.

Figure 8.

Figure 9.

Figure 10.

gain M~200 and 55 mV discriminator threshold.

Efficiency of APD #1 as a function of energy at M~700,

discriminator threshold 55 mV. Solid line is a fit using equation

(1) Of the text With Lactive =49 M.

Time response of APD #1 to single 14.4 keV x-rays for M~200
and a 55 mV discriminator threshold. This may be interpreted as
the probability distribution for the length of time between when
a 14.4 keV photon enters the APD and when an output pulse
above the discriminator threshold is generated. The zero time

has been arbitrarily set at the peak position.

APD time response with increasing discriminator threshold for
APD#3 operated at M~220. All plots have been scaled to the
same incident flux rate and counting time. Thresholds and
efficiencies are : (a) 56 mV, 0.099 (b) 147 mV, 0.080 (c) 243 mV,
0.065 (d) 309 mV, 0.051 (e) 353 mV, 0.045 (f) 409 mV, 0.043
(9) 442 mV, 0.032 (h) 504 mV, 0.011. Note the appearance of the

minibunch at 2.8 ns as the resolution improves.

Full width at 100th maximum (upper points) and FWHM (lower
points) for all 4 APDs with 14.4 keV x-rays incident. Plotted as a
function of increasing efficiency (or decreasing discriminator

threshold). The FWHM remains nearly constant at ~0.5 ns while



the full width at 100th maximum increases as the efficiency of

the device is improved by lowering the discriminator threshold.

Figure 11. Time response of APD#1 (M~700, 55 mV discriminator

threshold) at 5.5, 8.0, and 14.4 keV (absorption lengths 22, 65,

and 370 nm, respectively). All plots have been normalized to the

same area. Note the rising tail at late times as the energy

decreases. The response at 20 keV (983 nm absorption length)

would lie directly on top of 14.4 keV response.

Figure 12. Plot of the slow efficiency as a function of energy for APD#1 at
M~700. The solid line is a fit using equation (1) with Lgjow

= 9 mm. See text.



