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Abstract

We have developed an original technology for production fast pho-
todetectors. based on doped (compensated) Gads and sensitive in
the 200 360 nm range. Using the production technology developed.
laboratory-scale 1 x lem? photodetecior prototypes were build. Sta-
tionary voltage-current characteristic. barrier capacitance as a function
of bias as well as spectral dependence of the photodetector sensitivity
evaluated.



1. INTRODUCTION

Scintillation particle detectors are the widespread devices
used both in nuclear and high-energy physics. Scintillation light
flashes are generally detected by means of photomultiplier tubes
(PMT). While PMTs provide good performance for most of
applications, they still suffer from certain defects. which limit
their use. These defects are well known:

- high sensitivity PMT to magnetic fields.

- short Linearity range,

- large dimensions,

- high cost.

Therefore already long ago works are carried out to create
of semiconductor photodetectors. which would be might replace
PMT in scintillation detectors and don’t have enumerated lini-
tations. This problem has hecome even more important i view
of experiments on modern colliders. When used in calorimeters
instead of PMTs the semiconductor photodetectors would sig-
nificantly increase the linearity range of the devices and reduce

“their dimensions and, consequently, cost.

Emission spectra of most scintillators emploved m high-
energy physics exhibit peaks around 400-450 nm. Certain scin-
tillators. for instance BaF, and liquid Xc. emit fast compo-
nents in ultraviolet range of wavelengths. Conventional solid-
state Gc and S7 photodetectors are sensitive between 400 and
1000 nm. with spectral sensitivity peaking around 800 nm.
The shift of the photodetectors sensitivity toward short-wave
range requires the use of wide band-gap materials such as gal-

~ lium arcenide and its isoelectronic analogs. The most promising
trend in the development of high sensitivity photodetectors for
the visible and ultraviolet regions of a spectrum is the use of
high-resistance GaAs diode structures.

An important advantage of high-resistance GaAs diode
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strnctures over Si-based devices is a higher speed of response
and radiation resistance. lower dark current and working volt-
age. The object of this work 1s the development and evaluation
of characteristics of fast high-sensitivity large-area GaAs pho-
todetectors sensitive in the 200-1100 nan. range.

2. 1 — v —mntype GaAs PHOTODETECTOR
PRODUCTION TECHNOLOGY

Propertics of solid-state devices are mostly determined by
dopes specially introduced in the semiconductor. It has been
common practice to employ dopes mducing the formation of
centers with low-lving energy levels that within the operat-
ing temperatures of the device are in ionized state. We have
made use an unconventional approach. Semiconductor stric-
tures were formed in the course of doping by impurities creat-
ing centers with deep crergy levels [1]. Deep centers are with
this in unionized state and can be recharged subject to exter-
nal actions. This provides extra degrees of freedoni to control
the instrument parameters. In the structures with deep centers
some new physical effects have been discovered. in particular.
high sensitivity to the ultraviolet [2.3].

In developing GaAs photodetectors we proceeded from the
following assumptions:

- GaAs semiconductor structires exhibit enhanced radiation
resistance:

- GaAs as compared to Si a wider band gap and. 1mpor-
tantly. a direct band gap semiconductor. which implies that.
besides the direct radiative effect. the infrared radiation con-
verted near the surface can be used. by that increasing the
photosensitivity:

- physical processes that are unusual for conventional struc-
tures take place: long the minority-carriers life time in hgh-
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resistance arca of structure and presence of built-in fields stim-
ulating a recharge of deep centers.

These assumptions have been used to develop several semni-
conductor structures. These mclude p-v-n. p-w-v-n. n-m-v-n
and p-v- m-p types. Always the thickness of the surface p and n
layers was 0.1-1.0 p. Irrespective of the design used. the w-r-n
structure forms a basis for the photodetectors.

In the course of the development of the semiconductor pro-
duction technology we have found that the photosensitivity. sta-
hility and reproducibility of the photodetectors are essentially
dependent on the electro-physical parameters of the original
GaAs. The latter should have lowest dislocation density possi-
ble and homogeneous doping level and ervstalline defects. The
dopes concentrated along the dislocations shunt high-resistance
structures forming conductivity paths or stray capacitances.

We have developed a laboratory-scale GaAs production
technology using the method of horizontal directional crvstal-
lization (HDC') in magnetic field. It provides GaAs with wmi-
form electro-physical properties. low density of dislocations and
high thermostability. The double zone method for simultaneous
crvstal svnthesis and growth was adopted as a basis for GaAs
production. This allowed for a simpler design of the crystal
growth experiments. on the one hand. and a small change in
the Ga and As ratio in the melt and crystals with a preferen-
tial stoichiometric shift toward the enricinent of GaAs with
arsenic. on the other. This change occurs due to temperature
variation. Initial components used was 99.9997 4 Ga and As.
which provide an uncontrolled nmpurity level of < 107 em 3.
Magnetic field strength for the growth process was 1000 Oer-
steds. For 40 mm diameter quartz crucibles the monocrystal
mass was 300 g. To avoid the adhesion of the growing crystal
the internal surface of the crucible was subjected to sand blast-



ing followed by gallivin melt treatment at high temperatures.

The dislocation density in the crystals grown by the method
of double zone in magnetic field is by an order of magnitude
Jower than that in the Czochralski-grown commercial crystals.

Laboratory-scale technology of the semiconductor photode-
tector production included simultaneous doping of thin GaAs
wafers with acceptors having deep energy levels and donors hav-
ing low-lving energy levels. The doping was performed under
the high temperature diffusion and the liquid and the vapour-
phase epitaxy. Evaluation of the results obtained shows that dif-
fusion and liquid-phase epitaxy are preferable to vapour-phase
epitaxy. Structures produced by these methods exhibit better
photosensitivity.

3. MEASUREMENT of PHOTODETECTORS
PARAMETERS.

In the cowrse of the operational design and engineering de-
velopnient a few tens of mock-up prototype photodetectors
(2 % 3nm?) have been constructed. The photodetectors differ
in the initial Ga As parameters and high-resistivity layer doping
thickness and level. Spectral photosensitivity of the resulting
structures was examined. and the best prototypes for time re-
sponse and amplitude were selected. Using the production tech-
nology developed. laboratory-scale 1x1 em? photodetector pro-
totvpes were build. and their stationary voltage-current charac-
teristic. barrier capacitance as a function of frequency and bias
as well as spectral dependence of the stationary photocurrent
evaluated.

Typical voltage-current characteristic for the reverse bias 1s
shown in Fig.1. It includes the following distinctive sections:

I. Linear dependance up to 0.1 V of the reverse bias.
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II. Section with ] = const(U) for (0.1-15) V. A complete
depletion of the high resistivity laver occurs within the first
portion of this section.

III. Exponential rise of current at U > 15V. This section
corresponds to the development of the avalanche breakdown i
the space charge region of the p — n junction.

The sensitivity of the 7 — v — n type structures increases
as the high-resistivity laver thickness is decrease. while the ca-
pacitance grows higher. Optunal thickness is found (30 - 40);:.
Relevant calculated capacitance is 330 pF for a 1 em? detector.
Measured detector capacitance for 1 MHz is 240-320 pF.

Spectral characteristics of the photosensitivity of the senii-
conductor strietures were studied using an experimental setup
whose hasie nuit was MDR-3 monochromator. We used two dif-
ferent light sonrces m the experiment: an incandeseent OPZZ-
03 lamp for 0.4-1 yr and a DDS-30 deuteriun discharge lamy
for 0.2-0.6 yi. The Lamp output was focused on the entrance slit
of the monochromator. and the light from MDR-3 was passed
to the photodiode in guestion. In the 0.6-1.1¢ range we mea-
sured the spectral density of the monochromator light flux by
a calibrated 57 photodiode {FD-TK). At shorter wavelengths
the spectral density was fonnd from the PNT-100 photocur-
rent whose photosensitivity was between 0.2-0.8 ji. The pho-
tomultiplier was calibrated by a Si photodiode for overlapping
wavelengths of 0.6-0.8 ji. The spectral photosensitivity was ex-
amined under photovoltaic conditions at invariable light flux. .
The measured values were the dark current J; and short-cirenit
photocurrent .J,,. which determined the current sensitivity S, of
the photodetector (S; = J, — Jy/P).

A tvpical spectral dependance of the photodetectors current
sensitivity is shown in Fig.2. A peak sensitivity of 0.2 A/W
was observed near the self-absorption edge. In the ultraviolet



spectral region the photosensitivity varied from 0R05 to 0.1
A/W . Nonmonotonic behavior of the function is related to
peculiarities of GaAs reflection spectra.

Photosensitivity and detectabilitv D of the photodetectors
as the functions of bias were examined under photodiode con-
ditions. The results presented in Fig. 3 show that in spite
of the current photosensitivity rise, the detectability decreases
with increasing bias that is due to the increase of the dark c-
vent. P’Liotovoltaic mode is consequently the preferable one for
the detection of the extremely weak light signals.

We measured the time response of the photodetector and
evaluated its photosensitivity in a pulsed exposure mode.
The experimental setup used included the light-cmitting diode
AL307 B as a light source operating in a breakdown regime at
the reverse bias. Power to the light-emitting diode was applied
from a TR-0306 mercury pulse generator with a pulse ampli-
tude of 1 K\ and duration of 4 ns. We nsed a fiber light gude to
pass the light-emitting diode signal to the photodetector. Mon-
itoring of the light pulse parameters and absolute calibration of
the pulsed light source were performed by means of PMT-130.

The latter exhibits good one-electron characteristies. and its
spectral photosensitivity overlaps the output spectrum of the
light-cmitting diode.

Light source calibration procedure consisted in the measure-
ment of the PMT pulse amplitude as a function of the prunary
photoelectron number knocked out by the radiation from the
PMT photocathode. The shape of the PMT pulse amplitude
distribution was assumed to be virtually determined by flue-
tuatious of the photoelectron number. while all the other fluc-
tuation sources were regarded to be independent of the light
intensity. The change from the photoelectron number knocked
out from the PMT photocathode to the photon number was



made on the basis of the PMT specifications and overlapping,
of the light-emitting diode output spectrum and spectral pho-
tosensitivity of the PMT cathode.

We have developed a fast preamplifier to measure the time
response of the photodetectors. The preamplifier is based on
integrated circuit M421104-2. ie.. a hybrid wive-band ampli-
fier with a cutoff frequency of 700 MHz. Preamplifier has the
followinge parameters:

- put wiid output resistance o0 Olis.

- gain factor 10%.

- bandwidth 0.1-500 MHz.

- output pulse U < 0.5 V.

When the photodetector was exposed to charged particles
the pulse duration at the ontput of the preamplifier was found
2 ns for the leading edge and 7 ns for the trailing edge. The pho-
todetector sensitivity for pulsed exposure to the hight-emitting
diode ontput at 567 nan wavelength was 0.11 A/W . which dif-
fered bur msignificantly from the measurements made at con-
tinuous exposure.

Thus. owr photodetectors show high sensitivity in a broad
range of wavelengths and can be readily used in detectors for
high energy phyvsics applications.
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Figure Captions

. 1 Photodetector voltage-current  characteristic at reverse
bias.

. 2 Spectral dependence photodetector current sensitivity.

. 3 Detectivity and photosensitivity wder photodiode condi-
tions.



Current (A)

10~*

107

10~

10

T T g T TTTIY T T Ty

=TT T

o

-10! 2l

W EET EER W EEIT|

1

el

10°® 10

-2 10" 1

Bias Voltag

e (V)

Fig. 1.

10?




0.20

[o] (@]
- —
o wn

Photosensitivity (A/W)

L0 B0 B At B S O N N O A B A L B L 20 0 B AL B B D B R O B 3

Ooq Leap1a e g barveatsaabaeaneataaianeerasaatiang

00 500 700
Wavelength (nm)

Fig. 2.



Photosensitivity (a.u.)

10.0

N > o o
o o o o

111x|r||]1|vlvlllv[vlrllll||[l|1l|llr|||rl||||vl

e
o

—s—  photosensitivity
—e—  detectability

JENEEE eI A BRI 1 uunl It luunl

1 L 18l

10 °

10 10"

Bias Voltoge (V)

Fig. 3.

10

10

Detectability (a.u.)






