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It has been found that ion implantation doping results in the generation and diffusion of defect spe-
cies, forming deep trapping levels. The effect of these levels on the electrical characteristics of
zinc-implanted GaAs diodes has been observed for the case of 70-kV implantation at 400°C into
substrates with #-type concentrations ranging from 1 x 10’ to 1.8 x 10'® atoms/cm?®. Capacitance-
voltage measurements have indicated the presence of a semi-insulating layer in the diodes, varying
in thickness from 0.18 p for the most heavily doped substrate to 2.7 u for the lightest. Frequency
dependence of the junction capacitance and power law variation of forward current vs voltage have

also been observed and are attributed to deep levels.

It is well known that the presence of deep levels in
the energy gap of a semiconductor can result in the
trapping of carriers, which leads to such phenomena
as compensation and excess current in diodes. When
a semiconductor is bombarded by a beam of high-
energy particles, as it is in ion implantation doping,
a layer of damage is produced which extends to a
depth on the order of the projected range of the
particles.' Localized defects (vacancies and inter-
stitials) produced by the bombardment may diffuse
through the lattice to form more complex and stable
defects at depths exceeding the projected range of
the implanted ions. These defects can cause deep
level states in the energy gap. Hence, one expects
to see the effect of these states on the characteris-
tics of ion-implanted devices, and indeed it has
been observed in the case of zinc-implanted GaAs
diodes.

The diodes used in these experiments were
formed by implanting a dose of approximately
10**~10"®/cm? singly ionized zinc ions at 70 kV
into n-type GaAs substrates held at 400°C. The
implantation apparatus has been described pre-
viously.? After implantation the samples were an-
nealed at 500°C for 5 min and were etched to pro-
duce mesa diodes approximately 0.5-mm diameter.
The annealing was necessary to reduce the resis-
tivity of the implanted layer to a reasonable value.
However, anneal time was kept as brief as possible
and temperature as low as possible so that sig-
nificant diffusion of the zinc would not take place.

Contact was made to the p-type side of the diode

*This work was supported in part by NASA-ERC,
Cambridge, Mass.

using indium solder, and to the n-type side with
evaporated tin which was heat treated at 425°C for
2 min,

The most interesting characteristic of these ion-
implanted diodes was that they appeared to have a
semi-insulating layer and resultant p~i-u structure
rather than the expected abrupt p—» junction. This
feature can be best seen from the capacitance-
voltage characteristics for a number of typical
diodes, shown in Fig. 1. Data are shown for im-
plants made into substrates of four different n-type
impurity concentrations. In every case 1/ CivsV
curve is offset from that which would be obtained
for a normal p-7 junction. In Fig. 1(b) the curve for
an evaporated aluminum surface barrier is given
for comparison. This surface barrier was formed
on a sample of the same substrate material as the
implanted diode, after the substrate was subjected
to all of the processing and annealing steps except
for the actual implantation of ions. Thus the offset
which was observed for the diode curve is a result
of implantation rather than processing or heat
treating. This offset corresponds to a decrease in
junction capacitance, which we believe results from
the formation of a semi-insulating layer in the junc-
tion. The amount of offset of the 1/C* vs V curves
from the curve expected for an abrupt junction was
used to calculate the effective series capacitance
and thus the thickness of the semi-insulating region
in each case. The results of such calculations,
which are given in Fig. 2, show that the semi-in-
sulating region thickness depends on the substrate
background doping concentration—varying approxi-
mately as the inverse of the square root of the con-
centration. Note that in all cases the thickness of

295



Volume 13, Number 9

APPLIED PHYSICS LETTERS

1 November 1968

~3
x10 | T T T
12 - ~
10 b5 -
08 SUBSTRATE n = 1.0 x 106 /¢m3 1q
06 -
04— —
02— -
o
x1073 [— - — .
5 g -
- =15 x 107/em3 \ -
NE ION IMPLANTED DIODE _|b
o~
L 2 ALUMINUM SURFACE BARRIER —
o
£ = \_ -
\E 0 — e @ e — o —— — = — e e O — O
e
ol = —
- e — -
o a4 e —
o - =47x 107/cm3 ]
- —c
08 —
04— -
0
X075 — ]
10— —
oel e
0'4 =18 x 108/cm3 _]
02 —
o ! | | | |
o I 2 3 4 5 6
REVERSE BIAS, V
Fig. 1. Capacitance vs voltage characteris-

tics for zinc-implanted GaAs diodes.

the semi-insulating layer far exceeds the theoreti-
cal Lindhard et al.® range of the ions. It is very
unlikely that channeled ions are responsible for the
thick semi-insulating layer because no attempt was
made to align the substrate with the beam and yet
the thickness of the layer was consistent for vari-
ous samples of the same substrate. (The beam
alignment with the sample was close to the {1,1,1}
direction but varied about + 3° from sample to
sample.)

For the temperatures and times used for im-
plantation and annealing of these samples it is ex-
pected that zinc diffusion is negligible. It is be-
lieved that the relatively thick semi-insulating layer
results from deep diffusing defects producing com-
pensation to the depth where the concentration of
defects equals the substrate doping concentration.
Thus the data of Fig. 2 for diodes formed on sub-
strates of different impurity concentrations rep-
resent a profiling of the defect concentration vs
depth.

Another characteristic of these diodes which is
indicative of the presence of deep level traps is the
nonideal forward current vs voltage dependence,
which follows an I ¢ V”* relation, where n = 4 to 5.
Such a power law dependence is expected for double
injection of carriers into a semi-insulating region.
The observed frequency dependence of the junction
capacitance as shown in Fig. 3 is also attributable
to deep levels. Data are given for two different sub-
strate concentrations, and for two different tem-
peratures in the case of the more lightly doped sub-
strate. It can be seen that in all cases junction
capacitance decreases with increasing frequency.
This decrease can be explained by the fact that the
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Fig. 2. Dependence of semi-insulating re-

gion thickness on substrate background im-
purity concentration.

defect trapping centers cannot charge and discharge
rapidly enough to follow the applied signal at high
frequencies, and thus cannot contribute to the ca-
pacitance. It should be noted that the capacitance
measurements used previously to calculate the
thickness of the semi-insulating layer were made
at 500 kc/sec, the highest available frequency, so
that traps would not contribute appreciably to the
capacitance and hence the true thickness of the
semi-insulating region would be measured. From
the results shown in Fig. 3 it can be seen that
there was less frequency dependence of the capac-
itance for the sample formed on the more heavily
doped substrate. Also, an increase in tempera-
ture resulted in larger capacitance at a given fre-
quency, since the detrapping time was diminished.
Such behavior of capacitance with frequency, dop-
ing and temperature is qualitatively in agreement
with the behavior observed by Sah and Reddi® for
the case of deep levels in gold-doped silicon and
with that observed by Schibli and Milnes® for indi-
um-doped silicon.

Detailed measurement of the temperature de-
pendence of capacitance at 5 kc/sec indicated an
exponential increase of capacitance with rising
temperature, with a phenomenological activation
energy of 0.29 eV,

The defects produced as a side effect of ion im-
plantation are no doubt greatly affected by the par-
ticular implantation conditions. Work is presently
in progress to establish the dependence on implant
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temperature, voltage, ion dose, etc. and on sub-
sequent annealing procedures.

It is clear that the generation and diffusion of
species forming deep trapping levels is an inherent
part of the implantation process and cannot be ig-
nored when the presence of such levels may be im-
portant.
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Magnetic broadening of the iodine lasing line was found to increase the energy storage capability of
the laser and thus increase the energy obtainable in a @-switched pulse from a few millijoules to a

few tenths of a joule,

The iodine laser, discovered by Kasper and Pimen-
tel,' has a great deal of potential for being devel-
oped into a high-power, @-switched laser. The
laser is pumped by photodissociating trifluoro-
methyliodide which forms excited atomic iodine.

CFsl +hv _ 9700 4 — CF +I*.

The iodine then lases between the *P,,; and *Pay;
states at 1.315 p. Other fluoridated and unfluo-
ridated, iodized carbon chains have been used with
similar results.®”® The principal problem in ob-
taining energetic @-switched pulses from this laser
is due to its inability to store large amounts of en-
ergy. When a laser is operated in a @-switched
fashion as opposed to a continuous or semicontinu-
ous fashion, the energy obtained in the pulse has to
be totally stored in the laser before lasing action
begins. This is necessary since the pump source
cannot deliver a significant amount of energy to

the laser during the pulse. The storage limitation
in this laser is caused primarily by the large cross
section of the lasing transition. ‘‘A large cross sec-
tion’’ means that for a relatively small amount of
stored energy the laser will have a large gain.

And, since the gain in the laser is limited to the
point where it will lase spontaneously, which can
happen even without mirrors, this limits the
amount of energy that can be stored in the laser.
This concept can be presented quantitatively as
follows:

The gain in the laser = G = e®AnL | (1)
where o is the cross section of the lasing line, A#n

*Work performed under the auspices of the U.S.
Atomic Energy Commission.

is the atomic inversion unit volume, and L is the
length of the laser.

The energy stored per unit frontal area
= E =1/2 AnhvL, (2)

where 4 is Planck’s constant and v is the frequency
of the laser light. A reasonable estimate for the
maximum achievable gain in a laser is 10°, Slightly
higher gains might be achievable, but somewhere
close to this region superradiance will cause the
laser to emit energy as rapidly as it can be pumped.
If this number is substituted into Eq. (1), using Eq.
(2), we find that:

E .x =3.5hv/a (3)
or the maximum energy storage capability of a
laser per unit frontal area depends on the wave-
length of the laser light and the cross section of
the lasing line. A useful maximum energy density
to achieve in a @-switched pulse is 2 J/cm? of
frontal area. If this is substituted into Eq. (3), and
letting A = 1.315 y, then @ = 2.6 X 10™" cm®. It is
interesting to note that this is very close to the
measured cross section for ruby and Nd glass
lasers. However, a calculation of the cross sec-
tion for the lasing transition in the iodine laser,
assuming a Doppler-broadened line at room tem-
perature gives, o = 2.5 X 10”7 cm?, which would
allow the storage of only a few millijoules/cm?®
frontal area. We thus investigated the possibility
of broadening the line with a magnetic field (Zee-
man effect), which would lower the cross section
and increase the energy storage capability of the
laser. We found that, when a magnetic field is ap-
plied to the iodine, both the upper and lower lasing
levels are split.* This happens in such a way as to
give six lines equally distributed around the original
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