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ABSTRACT

This paper presents the results of a study of long-time relaxation (LR) and residual conductivity in n-type gal-
lium phosphide (GaP) crystals irradiated by 50 MeV electrons. A manifold increase in photosensitivity and
guenching of residual conductivity was found as a result of irradiation. It is shown that LR in GaP is due to dis-
ordered regions (generated by electron irradiation) which have conductivity close to self one. The Fermi level in
the disordered regions is determined by which is located deep in the forbidden band (E. — 1.0 eV). LR effect is
mainly explained by a spatial separation of electrons and holes, recombination of which is prevented by potential
barriers. The observed increase in conductivity is associated with the increase in the concentration of minority

carriers as well as with increase of the Hall mobility at the sample illumination.
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1. Introduction

There are a lot of publications on anomalously large re-
laxation time of photoexcited carriers in a variety of ma-
terials, especially in semiconductors. A review of exten-
sive experimental data accumulated by now has enabled
to formulate some general patterns [1]. At present, there
are two models to explain the phenomenon of long-time
relaxation (LR) and residual conductivity (RC) in inho-
mogeneous materials. One of them is based on the idea
of capturing non-equilibrium carriers by strongly loca-
lized states in the vicinity of point defects or impurities
with deep energy levels. Another is a barrier model,
which includes spatial heterogeneities in the vicinity of
clusters, the defects generated by irradiation with heavy
ions, neutrons or fast electrons. Both models are com-
plementary and closely related to each other, allowing
qualitative interpretation of the observed experimental
results on LR and RC. The data presented in papers [2-6]
devoted to the nonequilibrium photoconductivity of irra-
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diated or S-doped A"'BY semiconductor compounds, can
be used to reveal the mechanisms resulted in LR and the
states with RC.

Gallium phosphide is one of the main optoelectronic
materials. The increase in photosensitivity is of great
practical importance when manufacturing devices on it
basis.

This article presents some results on the increase of
photosensitivity of GaP samples irradiated by high-
energy electrons as well as an analysis of the experimen-
tal data obtained when investigating photoconductivity
and RC after turning of photoionization.

2. Experimental

The measurement of spectral dependence of photocon-
ductivity was carried out at 300 K and 80 K at constant
illumination using the SF-8 spectrophotometer’s mo-
nochromator (Russian production). Figure 1 shows the
measurement scheme.

A sample r at the monochromator output is illuminated
constantly. Signals v from the loading resistance R, come
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to electrometer and then recorded by PC. The maximum
value of v can be achieved by proper selection of R,. For

R, =4/l (r0 —Ar) and A—°—<<1, it was obtained
o

VA . . . .
v=229 (i.e. v is proportional to the relative change

4 o

[0
of conductivity, Ac when illuminated). In this expression
r,, o, are the sample resistance and conductivity in the
dark, respectively, V is voltage (not more than 5 V) ap-
plied to the sample.

Tellurium doped n-type GaP samples with initial con-
centration of ~10* cm® had ohmic contacts obtained by
fusing of pure indium into the sample at 500°C during 5
minutes at the nitrogen environment. The samples were
irradiated by 50 MeV energy electrons at current density
1 mkA-cm 2 and the temperature not higher than 20°C.

3. Results

Figure 2 shows the spectral distribution of photoconduc-
tivity of irradiated n-GaP crystals. It is seen that photo-
conductivity appears at photon energy of 1.0 eV, then it
increases monotonously, at hv > 2.2 eV it rises sharply
and then decreases sharply beginning from ~2.4 - 2.5 eV.
A similar pattern occurs at the measurement temperature
of 80 K.

Figure 1. 1—SF-8 spectrophotometer, 2—electrometric
amplifier, 3—PC, r—sample, B—battery.

100

80

40 |

Ao/al, (rel. units)

20

1 12 14 16 18 2 22 24 26 28 3 32
by, (V)

Figure 2. Spectral dependence of photoconductivity at 300
K (curve a) and 80 K (curve b) for n-GaP crystal irradiated
by 50 MeV electrons at a dose of 2-10' e/cm?.
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Note, that the original crystals were almost not photo-
sensitive, and just during irradiation their photosensitivi-
ty increased sharply, thus increasing the relative photo-

conductivity signal, _GI' where | is the excitation light

o]
power. The nonstructured nature of the spectral curve of
impurity photoconductivity (from 1 eV to 2.2 eV) is as-
sociated with the presence of disordered regions in irra-
diated gallium phosphide.

It is known [7,8] that the disordered regions are some
parts of the whole semiconductor volume with high con-
centration (~10" cm™®) of radiation-induced defects and
allowed states (occupied by electrons or free of them,
depending on the Fermi levels in there) forming nearly
continuous spectrum in the band gap.

The disordered regions can contribute to the photo-
conductivity, if the non-equilibrium carriers, excited in
them by light, are able to escape from their bounds dur-
ing their lifetime (which varies within the range of 107° -
102 s). The average displacement of non-equilibrium
carriers due to diffusion calculated by Einstein formula is
1000 A, which is much larger than the average radius of
disordered regions (hundreds of angstroms, according to
assessments). So it would appear reasonable that there is
a spatial separation of light-excited electrons and holes,
recombination of which is prevented by potential barriers.
They easily leave the bounds of the disordered regions
and contribute to the photoconductivity. The observed
both LR in the whole spectral range of photosensitivity
of irradiated crystals and RC after turning off the light,
confirm this assumption.

The curves of photoconductivity relaxation at 300 K
and 80 K presented in Figure 3 testify to the fact that
after switching off the photoactive light, the sample
transforms into a state with residual conductivity.

Let us consider the results obtained when investigating
the RC quenching. The quenching occurs, when an elec-
tron in the potential well receives the energy required to
overcome the recombination barrier [1,9]. When irra-
diated by 50 MeV electrons, such recombination barriers
are created by disordered regions. As can be seen from
Figure 3, quenching occurs when illuminated with light
wavelength of 2 = 1.24 mkm (if illuminated with 1 > 1.24
mkm, RC does not change), which gives hv = 1.0 eV as
the maximum height of the potential barrier of disorder-
ing. In addition, it follows from Figure 2 that the long-
wavelength limit of photosensitivity at 300K, determined
by the position of Fermi level in the disordered region, is
close to hv = 1.0 eV. In otherwise, for the RC quenching
it is necessary for main carriers located at the bottom of
the potential pit to receive an energy higher than 1eV (1
= 1.24 mkm)—the height of potential barrier of disor-
dered regions. At illumination by light of 2 = 1.3 mkm
wavelength, the photon energy is not enough for over
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Figure 3. The photocurrent relaxation curves for the irra-
diated n-GaP at 300 K (curves a, b) and 80 K (curves c, d).

coming the potential barrier to recombination and they
stayed in a space separated state (Figure 3(d)).

Thus, it follows from the foregoing that the disordered
regions in GaP have a conductivity close to self-con-
ductance, that is the Fermi level is located deep in the
forbidden gap of the disordered regions (near to E, — 1.0
eV). This conclusion can also explain the behavior of
electrical properties of GaP as a result of irradiation
[10,11].

From the results of measurements at 80K it follows
that GaP samples are photosensitive within the whole
investigated spectral range (0.5 - 2.5 eV), and no optical
RC quenching is observed. lllumination with A = 1.24 mkm
light leads to an increase in photocurrent (Figures 3(a) and
(b)). This can be explained by the fact that irradiation of
gallium phosphide also results in formation of a large
number of point defects, which generate small energy
levels in the band gap. Most of these levels are ionized at
300K and do not participate in photoconductivity, how-
ever when temperature is lowered they are filled, and
light leads to photoionization and increase in photocur-
rent, against the background of which no RC is observed.
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It should be noted that at low temperatures the energy
level of the major impurity Te (E. — 0.06 eV) also con-
tributes to photoconductivity. Many radiation defects are
created in irradiated sample forming shallow energetic
levels in the forbidden gap. These levels are ionized at
300 K and do not contribute to photoconductivity; only
carriers from deep potential pits of disordered regions are
involved in this process. However, with decreasing tem-
perature (80 K) these levels are filled and when the sam-
ple is illuminated, they get ionized too. The RC quench-
ing, of course, takes place, but is not manifested on the
background of new ionized levels.

Thus, at 80 K and low-energy photocurrents (hv < 1.0
eV) basically the carriers from undamaged areas of the
crystal take part in photoconductivity, whereas with in-
creasing temperature and at photon energies greater than
half of the gap, the dominant factor is the photo-ioniza-
tion of levels in disordered regions.

At energies hv > 2.2 eV for both 300 K and 80 K tem-
peratures there is a transition from impurity photocon-
ductivity to self-admittance, and the illegible absorption
edges [2] as well as availability of photoconductivity in
this spectral region indicate the involvement of the “tails”
of density of states in these transitions.

LR and RC are not related to the passage of measuring
current through the sample, when the voltage across the
sample does not exceed a certain critical value resulting
in quenching.

The characteristic property of irradiated GaP crystals
is that dark conductivity o, increases weakly with time
and conductivity increases sharply depending on the pe-
riod of illumination, so that no actual saturation has been
reached in our experiments. Photoresponse, relatively
quickly reaching a certain value in the first few seconds
after switching on lights, then steadily increases through-
out the testing period. Figure 4 presents the photores-
ponse of irradiated GaP crystal to a series of light pulses.
It is seen that the conductivity increases after each pulse
and the amplitude of the response is almost unchanged.
Increase in conductivity is associated with an increase in
the concentration of minority carriers when illuminating
the sample. On the other hand with increasing of carrier
concentration duo to screening, the amplitude of no un-
iformity in the samples decreases, therefore illumination
of the sample also increases Hall mobility. The latter in
RC state must be less than in the light, but more than for
unilluminated sample, which is consistent with the expe-
rimental results (see Figure 4). The reason for the slow
growth of dark conductivity during the testing period
may be related to other physical phenomena in inhomo-
geneous semiconductors, the theory of which has yet to
be created.

The RC phenomenon can be identified with photoe-
lectric memory. Here, every time after switching off the
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Figure 4. Photoresponse of the irradiated n-GaP crystal to a
series of light pulses (A = 0.5 mkm). The insert shows the set
value RC vs. the illumination period after one of regular
switching off the light.

light, high conductivity is registered for a long-time.

The insert in Figure 4 shows time dependence of RC.
It is seen that RC increases with time and tends to satura-
tion. It should be noted that at any point in time after
turning off the light, RC is constant and has a certain
value (except for a slow growth of dark current). That is,
in the case of irradiated GaP a controlled selection of RC
or photoelectric memory is possible. These results may
be useful when creating certain geometric structures for
the construction of long-time relaxing photoresists or
memory systems.

4. Conclusions

As a result of electron irradiation, N-GaP crystals be-
come highly photosensitive with a residual conductivity
and long-time relaxation.

It was shown that the photoconductivity of irradiated
GaP crystals takes place in a spectral range where addi-
tional absorption is observed, which agrees with a con-
clusion [2] about nature of additional absorption in irra-
diated GaP.

A quenching of RC in GaP crystals containing disor-
dered regions is observed when illuminated by 300 K
light with the threshold energy of 1eV (4 = 1.24 mkm),
which corresponds to the potential barrier height of clus-
ters, and hence defines the Fermi level in it. It was found
that at low temperatures, due to freezing of charge carri-
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ers at shallow donors in non damaged matrix of GaP, the
photoionization from them prevailed over the quenching
of RC.

It is revealed that the energy levels of radiation defects
are distributed quasi-continuously in disordered regions,
where conductivity is close to self-conductance. Here,
the Fermi level is 1.0 eV below the bottom of conduction
band.

It is shown that electron irradiation of n-GaP crystals
can be used for a controlled selection of needed residual
conductivity or photoelectric memory.
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