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Abstract—Radiation and d.c. characteristics of surface implanted n-type Ge were investigated
at liquid helium temperatures. A thin p-type degenerate layer was formed by boron implantation
on an n-type bulk crystal. The depletion depth of free carriers in the n-type crystal caused
by the formed p-n junction was estimated, and the effect of such depletion on the n-type bulk
absorption of submillimetre radiations was studied.

1. INTRODUCTION

In the course of a programme of improving the submillimetre performance of liquid-
helium-cooled Ge bolometers we have investigated ion-implantation of the surface. Our
aim has been to produce surface layers which would be matched to free space electro-
magnetically and matched to the germanium substrate thermally (acoustically), so as
to maximise the bolometric response to an incident signal. The results of implantation
were less simple than we had anticipated and more has to be done to obtain a major
improvement in detector performance. However, we report here briefly on the depletion
effects because we feel they may have significance in the wider context of the develop-
ment of semiconductor devices for operation at liquid-helium temperatures.

2. SAMPLE PREPARATION

Samples were prepared from Ge crystals containing Sb at a concentration of about
5.5 x 10'*cm ™3 A 12 mm diameter circular disc was cut from a single crystal grown
in the [110] direction. The disc was finely polished and etched for about | min in
CP4A solution (Nitric, hydrofloric and acetic acids + bromine). It was then surface-
implanted* at room temperature by 60keV boron ions B* to a dose of 3 x 10'* ions
per cm?, forming a p-type layer'") with thickness of about 0.2 um with surface sheet
resistance of 209 + 10Q/0. The doping level of this p-type layer (~ 1.5 x 10'° cm™?3)
lies in the metallic region of conduction where the resistance should not vary strongly
with temperature. The sheet resistance was measured at the pumped-helium temperature
of 1.5K, and no difference was observed from its value at 300 K.

After the optical transmission measurements were taken, as described below,
4 x 2 x 0.25mm?* samples were cut from the disc for bulk resistance measurements
at 4.2 and 1.5 K. The edges of these elements were etched to prevent surface leakage
currents between the degenerate layer and the bulk material, to which electrical contacts
were then made.

3. D.C. PROPERTIES AT LOW TEMPERATURES
AND THE FORMATION OF A P-N JUNCTION

The low temperature conductivity, o, of Ge doped in the range 1.5-8 x 10'¢ cm ™3
shows three distinct thermal activation energies:

3
o= Y o,exp—r. 1
2 oiexp s ()

* We wish to thank the Philips Research Laboratory, Redhill, U.K., for the implantation.
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This is in contrast to lower doping concentrations where only €, and €; are seen. €,
arises from excitation from the donor states to the conduction band whilst €5 1s believed
to be associated with a ground-state hopping between donors in the presence of some
compensating impurities.'” ¥ We believe €, to arise from thermal excitation from the
ground state to an intermediate impurity band lying between the ground state and
the continuum conduction band.®-® Hall-effect measurements have shown that the
mobility of carriers in this impurity band is less than in the conduction band. but
greater than for hopping carriers, and at 4.2 K the impurity band carriers dominate
the conduction mechanism. At temperatures <2.7 K. nevertheless, the hopping process
dominates because of the greater excitation energy of the impurity band.

Figure | shows the logarithm of the resistance of a typical element plotted against
the logarithm of the applied voltage at temperatures of 4.2 and 1.5 K. Similar curves
for an unimplanted specimen are shown for comparison. It will be seen that, for low
voltages, the degenerate layer does not short out the bulk crystal—indeed, the resistance
of the implanted sample is higher than that of the bulk and we attribute this to the
formation of a depletion layer and the consequent confinement of the current to a
thin conducting channel. At 4.2 K there is, furthermore, a sudden increase in resistance
around 0.1 V which is probably caused by the pinching-off of this channel at the positive
end of the strip. We now discuss these effects more quantitatively.

Implantation of an n-type sample with B creates a p-n junction and therefore a
depletion layer is created whose depth in the n-type material is, in general, given by

1/2
()

en

where ¢ is the potential across the junction. € the permittivity of the material
(1.42 x 107" Fm™! for Ge). ¢ is the electronic charge and n is the free carrier concen-
tration. At liquid helium temperatures, the concentrations of free carriers in the bulk
material is reduced dramatically relative to the room temperature exhaustion value.
and Eqn 2 shows that the depletion depth will consequently increase. The p-type im-
planted layer on the other hand, being degenerate, will not suffer the same carrier
concentration decrease and the depletion depth will barely change.
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Fig. 1. The resistance of n-type Ge before and after implantation as a function of the element
voltage.
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Equation 2 may be rewritten to give

H _ ¢ 1/2
Hy ™ (as') ©

where the suffix zero denotes unbiased values, i.e. the value in the absence of applied
bias voltage. If we assume a typical value of ¢ to be 0.5V, then pinch-off at an excess
potential difference of 2 x 0.05V (Fig. 1), together with the total sample thickness of
250 um, tells us that the unbiased channel thickness is ~ 12 gm. The implantation there-
fore decreases the conduction channel, from the full 250 gm, by a factor of ~ 20: this
is confirmed by the increase in resistance of this order between implanted and an unim-
planted specimen shown in Fig. 1. If we now substitute the values ¢, =05V,
H, = 238 um in Egn 2, we obtain for ny the value of ~1.6 x 10'°cm ™3, This value
is much smaller than the measured impurity band concentrations of ~1.5 x 10'*cm ™
but is about the right value for the conduction band concentration. In other words,
the depletion depth has been formed at the expense of conduction band carriers, which
is what we might expect from the Einstein relation

u e

D, kT

between the mobility p and diffusion coefficient D_. (It will be remembered that the
conduction band carriers have higher mobility than those in the impurity band.)

At 1.5K, the concentration of carriers is reduced still further and, as the sample
thickness is fixed, impurity band carriers must take part in the depletion in order to
maintain space-charge neutrality across the junction. If we assume that the depletion
depth at this temperature is about the total specimen width of 250 um, we find the
necessary depletion carrier concentration to be ~1.8 x 10'°cm™3 which is equal to
the measured impurity band concentration at 1.5K, i.e. the impurity band is almost
totally depleted. The consequences of this for infrared absorption are discussed below.

It might be argued that the thermal excitation of carriers at temperatures <4 K
is insufficient to adjust the depletion depth to various bias values. To see whether
this was the case, we subjected the junction to variable transverse bias (by applying
two more contacts across the specimen) at low temperatures and checked for any hyster-
esis effects. None was observed.

Returning to Fig. I, we find that at bias voltages above 0.1 V, the specimen resistance
at 42K drops rapidly. We attribute this to impact ionisation caused by the barrier
field. We have found the same effect when attempting to reduce the sample thickness
in order to reduce the thermal capacitance: The resistance of a 3 x 3 x 0.11 mm? sample
was found to be less than that of a thicker sample. We think that this is because
reducing the sample thickness has the same effect as increasing the junction reverse
bias as far as the internal electric field is concerned and with sufficiently thin samples,
breakdown occurs. For satisfactory operation as a detector element, the bulk material
must be sufficiently thick to allow operation at the bias voltages of =3 Vem™! found
optimum for unimplanted samples.

One puzzling feature of our experiments we have not explained. We measured the
activation energies €, and €; between 4.2 and 1.5K for both original and implanted
samples and found that while €, remained unchanged, €, diminished from 0.9 to
0.33 meV on implantation (see Fig. 2). Models of hopping conduction” give for e,
the relationship

2
[4
€ =5 (N§* — ANYY) O

where Np and N, are, respectively, the donor and compensating acceptor concentrations,
and A is a constant. It seems natural, therefore, to attribute the change in €5 to a
change in acceptor concentration by the diffusion of B atoms during the soldering
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Slope = Eki = 3.78°K

€, = 1-31 mev
€3 = 0-326 mev
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Fig. 2. The resistance of the implanted Ge as a function of reciprocal temperature.

process, for example. Calculations show that the diffusion rates are far too slow for
this to occur. (The activation energy €, depends only on donor wave function overlap
and is therefore expected to remain unchanged.)

4. OPTICAL PROPERTIES

Optical transmission measurements, in the frequency range of interest—10-60 cm ™!
were made at 1.5 K before and after ion implantation (radiation is incident on the
implanted surface). The results are shown in Fig. 3. Because the sample sides were
parallel, Fabry-Perot fringes were observed at the expected frequency separation of
2 nA, where n is the refractive index of the substrate and 1 the free-space wavelength.
For reasons to be explained below these fringes have been smoothed out in Fig. 3,
fitting by eye a smooth mean curve. The curve for the unimplanted sample indicates

40p
30}
0-25mm thick disc n-type Ge

.\° © unimplanted
c V implonted
o
w 20p T=1.5%
L
E tem™ resolution
[
2
fl

10F

L A 1

10 20 30 40 50 60
Wave Number { cm™)

Fig. 3. Transmission spectra before and after surface implantation.
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a tendency to a transmission of ~40% at low frequencies. For a non-absorbing, 250 um
thick slab of refractive index 4 (the value for Ge), the usual transmission-line theory®
predicts a transmission maxima and minima of 100 and 229, respectively. The geometric
mean of this is ~47% in reasonable qualitative agreement with the mean curve at
low frequencies. On the other hand, for a non-absorbing material this curve should
be independent of frequency so that the observed curve indicates substantial absorption
by the unimplanted Ge.

Application of the transmission line theory to an absorbing medium leads to a
tediously complicated expression. When considering the qualitative behaviour of the
implanted sample therefore we assume the implanted layer to be an infinitely thin con-
ductor, of impedance Z,/f, where Z, is the impedance of free-space, upon a substrate
of impedance Zy/n. It is because of this simplification that we do not follow in detail
the Fabry—Perot behaviour of the sample. Using our values of f = 377/209 = 1.8 and
n = 4 we predict maximum and minimum transmittances T of 25 and 7%, respectively.
(The corresponding absorption in the film should always be fT in our arrangement
and should consequently vary between 50 and 14%,.) The geometrical mean transmission
should therefore be ~ 13%,. We were somewhat disappointed therefore to find that the
observed transmission of the implanted sample was always greater than that of the
unimplanted indicating that, far from increasing the absorption, as desired, the presence
of the substrate was actually decreasing it. There are aspects of this discrepancy which
need explanation:

(i) Regardless of the presence of the implanted layer, we might expect the intrinsic
Ge absorption to remain the same.

(ii) Regardless of the presence of intrinsic absorption, we should expect the presence
of the implanted layer to increase absorption.

We believe that (i) is easily explained by the depletion of absorbing carriers in the
bulk material discussed in section 4.

The explanation of (ii) we think lies in the carrier relaxation time in the implanted
layer. If the lifetime is 7, then the impedance at frequency v is given by

Z(v) = Z(O)[1 + 2nvD)?] (5)

so that at the radiation frequency the impedance of the film is not 209 Q/[1, as we
had assumed, but a higher value leading to smaller absorption. We estimate a crude
upper limit to the value of © by assuming that 2zvt ~ 1 at the lowest frequency measured
(10cm ™). This gives a value of ~5 x 107 !%s for 7. The value of t depends mainly
upon the implanting ions and dose. We believe that varying these parameters will lead
to a smaller value of 1, and hence an improvement in the radiation characteristics
will result.
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