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ABSTRACT
A description is given of a solid state counter of good resolution, long
term stebility, and fast rise time which is sultable for heavy charged particles,
for example, alpha particles and fission fragments. A simple theoretical model
for the counter behavior is presented which is found to describe the observed

behavior of the counter very well. The importance of germanium purity in con-

nection with pulse height, rise time, and counter area is discussed. Counters

with sensitive areas up to 5 cm2 have been successfully used.

*
A preliminary account of this work may be found in F. J. Walter, J. W. T. Dabbs,

and L. D. Roberts, Bull. A.P.S., Series II, 3, 181 (1958) and in Oek Ridge

National Laboratory report CF-58-11-99 (unpublished).
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I. INTRODUCTION
When a charged particle, e.g., an alpha particle, enters germanium, it
produces free electrons and holes at an average rate of one electron-hole pair
for each 2.9k4 p 0.15 eV of energy lostl. If these free carriers are created in
a region where an electric field exists, they will drift in the field and may
induce charges on nearby electrodes.
McKay2 first used these phenomena to detect alpha-particles in the

5 applied these

neighborhood of a p-n Jjunction in germanium. Mayer and Gossick
ideas in a counter using a surface barrier: this arrangement is almost ideal
for detecting heavily ionizing charged particles, since it can provide a large
sensitive area, over which the electric field may be made reasonably uniform
and normal to the surface.

Figure 1 shows a charged particle counter of the type in whicl a region
of high electric field is adjacent to the front surface, which has an ungrounded
electrode attached there to the germanium. When a charged particle passes
through this surface into the germanium, the size of the voltage pulse resulting
from the induced charge will depend on the total number of free charge carriers
(electrons and holes) created, the capacitance of the counter and external circuits,
and the losses associated with trapping and recombination. The speed with which
the counter responds to an ionizing event is determined by the time required for
the charge carriers to treverse the voltage gradient, providfd the range of the
charged particle is less than the depth of the region of significant gradient.

The large electric field and short collection distances associated with surface

barriers, together with high carrier mobilities, give these devices very short
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pulse rise times. The absence of large trapping or recombination effects tends to
give good proportionality between particle energy and pulse height provided the
range of the radiation is less than the depth of the region of significant electric
field. The pulse rise time is lengthened and the energy proportionality may be
impaired if the range is such that some of the carriers must diffusé to the region
of high fieldu.

We have used counters of this type for several years for the detection
of alpha particles and fission fragments in connection with low temperature
huclear alignmenﬁ experiments5. In this paper we discuss this extension of the

work of Mayer and Gossick to the detection of alpha-particles and fission fragments

at low temperatures. We first present a simple theoretical model for the counter,
and then compare its predictions with the experimentally observed characteristics.

IT. THEORETICAL MODEL

In order to understand the characteristics of the germanium counter, with
regard to pulse height, rise time, and linearity of pulse height with energy, it
is necessary to know the electrical potential distribution in the crystal amd the
resulting effective (small signal) bapacitance of the device.

For ewr Work with hIgh'purity‘gérmanium two limiting cases of the potential
distribution are of interest. They correépond to (1) very low resistivity in the
bulk material at higher tempefatures G-77°K) and (2) very high resistivity at
the temperatures of liquid helium and below. |

Important surface states on h-type germanium have been found under &

number of surface conditions6. These states are able to trap electrons from
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the crystal until the Fermi level in the surface is equalized with the Fermi level
in the interior. This leaves the crystal with a positive space charge and also

warps the band structure near the surface. The resulting high density of charge
on the surface and relatively low density of charge in the interior produces an

asymmetric potential distribution which is called a surface barrier. The charge
distribution and potential gradients in the interior of the crystal can be cal-
culated® from Poisson's equation and the Fermi-Dirac distribution of charge
carriers. At the temperatures and impurity concentrations of interest here, the
solution of Poisson's equation yields the well known equations for an abrupt

Junction which may be written

x = (2x&) 2 (@) M2 ()2 (-%1/2] 1)
he = (266 )2 (@i)H/2 (Lp)H/2 (2)
B(x) = G#/ax), = (@) (€)™ (5x) (3)

where N = Nd -N_, Ny is the density of donor centers, Na is the density of. acceptor
centers, q is the magnitude of the electronic charge, .\ is the electrostatic
potential, x is the normal distance from the surface of the crystal, K is the

dielectric constant,fk)is the permittivity of free space,‘fJo equals the value ofHP
at the surface (the barrier height), and Xo equals the value of x at which'fbecomes

zero (the barrier depth).

* An excellent summary of calculations of this type may be found in H. K. Henisch,

Rectifying Semi-Conductor Contacts (The Clarendon Press, Oxford, 1957).
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The barrier height (q’o) is the only temperature dependent term 1n the equations
for the potential. A variation of’y% with temperature can be caused by the
variation of the Fermi level with temperature. The magnitude of\pb depends on
the energy location and density of surface states and on the location of the Fermi
level in the crystal. 1In the very pure n-type crystals under consideration here,
the location of the Fermi level energy ranges from within kT of the center of the
forbidden band gap (at 300°K)t0 very nea: the donor energy level (at'hoK)...The
waximm value of -quo cannot exceed a few times kT less than the difference
between the Fermi level and valence band enérgies.

When an external potential bias (HVa) is placed across the crystal; the
potential distribution changes since the original conditions for equilibrium and
neutrality are no longer valid. Where the electrical resistivity of the bulk
crystal is small, it can be assumed that essentially all of the applied potential
difference occurs across the barrier region. In this case, neglecting the effects
of curren£ flow in the barrier region, the potential distribution, barrier depth,

and electric field in the crystal may be obtained by replacing\fb by VUT = V/o +'+§

and xo by A in the preceding equations.

Equations (1), (2), and (3) characterize a typical Schottky barrier! whose

dynamic capacitance per unit area (C) is glven by

-%5 = 2(-yp)/aKE (4)

or

1/c2 - 1.4 x 108 ( -t}’T)/KN (4a)
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if C is in pf/en” and ¥ is in volts.
The size of the voltage pulse induced across the counter by an ionizing

particle with energy W and range R (R<A) i giver by

qw n
V = . (5)
CA+C, €

where Cx is the shunt capacitance in external circuits, A is the counter area,

€ 1is the average energy required to create a free electron hole pair in germanium
adel is the apparent efficiency of charge collection. The quantity?? includes
all mechanisms for charge carrier loss.

If the capacitance of the counter is large compared to C.» Eq. (5) becomes

Two important observations may now be made. From Eq. (6) we note that if one wishes
to have a large detector with a large output signsl, the germanium should be as
pure as possible. To the extent that 72/6 is independent of fhe nature of the
ionizing partigle and its energy, the pulse height V will be proportional to the
energy W. It can be seen from the expression for barrier thickness (Eq. (2) ) that
if X is to exceed the range of a 5 Mev alpha particle (ﬁil?%A) with less than ten
volts applied bias, N must be <€. x 105 ,

The rise time of the voltage pulse may be estimated from the mobilities

of the charge carriers and the potential distribution. Using the simplified
model of Egs. (1), (2), and (3), the time required for a charge carrier to move

within the barrier from position x| to position x, is found to be




K A -
t = £o [n( xl), x £ %, . (1)
qN}A A - X ’

2
Alternatively the time required may be expressed in terms of the potentials as

t=2KE ()™ LY/ Y YD Y. (8

Here/A is the average mobility of the carrier and 1t is assumed that the electric
fields are small enough that the variation of mobility with field can be ignored.
Equations (7) and (8) diverge for the case where the limits include x = A\ or

\Y = 0. This divergence is not real, because the potential gradient in the real
crystal never reaches zero, although it may become quite small. For carriers

which might be produced deep within the crystal (x ) A), diffusion processes also
become importantu. For purposes of comparison with experiment, the time required
to traverse 0.9 HJT is a suitable quantity.
In order to examine the effect of sample purity on rise time, let ﬁs consider

an ionizing particle with a range R = 1.7 X 10-3 cm entering a counter in which
N = 1012 em™3 (typical of the counters studied here). If ﬂJT is 5.5 volts, A is

'10-2 cm., and the maximum value of thehelect;ic field is approximately lo3
volts/cm. At 77°K, the average mobility of the holes is about 2 x lOLL cm2/volt
sec. and the longest distance any hole must travel is R. From Eq. (7), the time . jﬁ
required for all the holes to traverse this distance is =T X 10'l¥sec;.‘If W use an
average:electron mobility of 1.5 x 104 cma/volt sec, the time required for an
electron to traverse 0.9 HIT iIs=~ 3 x 10-9 sec., The large difference bet%een
the traversal times fof electrons and holes is a result of the particular example

chosen since these times are very dependent upon the barrier depth. This can be
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seen by rewriting Eq. (8) in terms of the barrier depth and applied bias tq obtein

t =220 An(Y (/o) » 7 R. (82)

Eq. (8a) suggests that the minimum pulse rise time associated with these traversal
times would occur when the barrier depth is slightly greater than the range of the
ionizing particle. The example above may be altered to give this condition if N
13 -3

is increased to about 3 x 10 m °. The traversal times then become comparable

and are about 10-10 sec. Tt is clear that decreasing the rise time by increasing
N reduces the pulse height.

Tt should be noted that although the model described by Egqs. (1) through
(4) may be quite adeguate for predicting the effective capacitance, it should
not necessarily be expected to give a very accurate estimate of tbe pulse rise
time since we have neglected diffusion aﬂd the perturbation of.the electric
field by the free charge carriers.

At verylow temperatures, where the resistivity of the bulk material is

very large, Egs. (1), (2), and (3) remain good approximations in.the absence of
applied potential bias. However, when a bias is applied, the assumption that
““’0 may simply be replaced by'ﬁpE in these equations is no longer valid, since

it cannot be assumed that significant electric fields do not exist outside the
barrier region. Thus as the temperature 1s lowered the total potential difference
may be shared in some manner between the barrier region and the remainder of the
crystal. An upper limit on thé potential gradient in the bulk material is assumed
to be set by the breskdown field, which is about 10 volts/cm in rather pure n-type

germanium at very low temperaturess. When significant fields exist in the bulk
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material, the counter behavior may approach that of a conduction counter, that
is, the counter becomes sensitive to radiation throughout its volume, and its
effective capacitance approaches that determined by its overall dimensions and
dielectric constant. If C in Eq. (5) is replaced by this mew capacitance, one
can then claculate the approximate pulse height.

It is difficult to make an estimate of the pulse rise times for this case;
since the sharing of the potential distribution between the barrier region and

the bulk region is unknown. However, for counters many times thicker than the
barrier region, the rise time at liquid helium temperatures may in general be

expected to be significantly longer than:m,7791, n the limit of an approximately
uniform field throughout tke bulk region, the minimum traversal time for the

electrons may be estimated from
t A4/ (ME,) (9)

where 4 is the crystal thickness and Ec is the breakdown field. Assuming

A’( eEc

LT X 1077 sec/cm.

1.3 x lO6 cm/sec8 for rather pure Ge at helium temperatures we obtain

The behavior of the counter in both temperature regions can be discussed
in terms of a simplified equivalent circuit. In Fig. 2, all external circuits
including means for applying the potential bias, are tc be considered as connected

to points 1 and 2. Rl and Cl represent the effective resistance and capacitance
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associated with the barrier region. Similarly,-R, and C2 represent these quantities

2
for the remainder of the crystal. Cx represents the total stray capacitance in
external circuits.

When an ionizing event produces free charge carriers in the crystal, the drift
of the carriers in the electric field induces charges at the terminals 1 and 2.

At higher temperatures, Rl is very large, R, 1s essentially zero, C, 1is the

2 1
C of Eq. (4) times the counter area, and Egs. (5) and (6) describe the maximum
of the voltage pulse.

When the resistivity of germanium is very large, there can be a significant

potential gradient throughout the crystal associated with an applied bias and
the steady state current flow. 1In this case the charge carriers may be separated
across the total thickness of the crystal and the correct capacitance (CA) for use

in Eq. (5) approaches CA = ClC2/(Cl + C2)f

In the absence of applied bias, Egs. (1), (2), and (3) predict that at any
temperature a significant surface barrier should exist provided ; qkyof7 kT.
Consequently, one would expect the counters to detect ionizing events even under
this circumstance. However, it should be pointed out that when no external bias
is applied, the charge carriers will traverse only the barrier region during tﬁe
time intervals of interest, regardless of the resistivity of the bulk material.
At very low temperatures where -the resistivity of the germanium8 is very large,
the absence of significant potential gradients in the bulk material may be

represented by a large value for RE' If it is assumed that this R. is eséentially

2
infinite compared to the impedance of C2, the pulse height at zero external bias




=11«

at very low temperatures is given by

qwWwC
. V = 2 E’l— , (10)
C,C, + C1Cy + CC_

ITI. DESCRIPTION OF COUNTER
The counters used in this study were made from high-purity (N = lO12 to

3x lO13 cm'3) single crystal n-type germanium. The active elements of the counters
consisted of plates cut from a germanium crystal with a diamond saw. The plates

. *
were prepared by lapping and etching in CPh. The electrodes were applied by

vacuum evaporation of a thin (200 to 2000 R) layer of gold onto the two large

faces of the plate. The residual air pressure during evapcration was 0.1 - 1
micrpn Hg. After the gold electrodes were applied, the counters were installed

in a mounting similar to the one illustrated in Fig. 3. A total of 25 successful
counters, with counting areas ranging from 0.05 tov5 cm? were constructed. It
should be pointed out that this method of fabrication frequently produces an
undesifable barrier on the back surface of the counter. Also,a considerable
variation from counter to counter in characteristics such as resolution has been
observed. Presumably, this results from variations in the germanium used and

from small variations in the actual preparation technique. Several counters

by volume 5 parts conc, HNO3

3 parts 48 per cent HF

. 3 parts glacial acetic acid
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prepared by different techniques failed to deVelop satisfactory barriers.

Figure 2 shows a typical electrical circuit for detection of charged

particles with a surface barrier counter. The symbols Cl and R, represent respec-

1
tively the effective (small signal) capacitance and d-c resistance of the surface
barrier. The effective counter capacitance at 77°K was of the order of several
hundred picofarads per cm? of counting area and the effective d-c resistance was
usually several megohms or more.

Data on the properties of surface barrier counters as alpha-particle and
fissibn-fragment detectors were obtained in cryostats which were capable of cool-
ing the counter to. temperatures as low as 0.2°K. Samples containing U233 éerved
as a source of alpha-particles, and also emitted fission—fragménts when bombarded

237

with thermal neutrons. Sources containing Np were used in the lowest temperature

a-particle measurements.

IV. EXPERIMENTAL RESULTS
Figure 4 shows the pulse height distribution obtained from a thin U233 source
with a 0.25 inch diameter counter at 77§K. The 4 per cent full-widﬁh at half-
maximum in the main peak is close to that expected from noise in the preamplifier.
The two small satellite peaks and several additional peaks at higher pulse heights

(not shown in Fig. 4) were caused by impurities in the source. The resolution for

alpha-particles observed at liquid helium temperatures was significantly poorer
than that obtained at 77°K.

Figure 5 shows the pulse height distribution obtained for fission fragments

from thermal neutron induced fission of U233. The energy scale was based on the -
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pulse height associated with the alpha-particles. These data were obtained at
M.EOK using a one cm diameter counter. Comparison of the location of the peaks
in Fig. 5 to the known energy distribution of fission fragments indicates that,
at this temperature, the response of the counter to particle energy was nearly
linear up to 100 Mev. This result suggests that, with a suitable applied bias,
7]/& is approximately independent of ionization density in the»particle track.
Figure 6 is an integral pulse height distribution of U-35 alpha particles
and fission fragments from thermal neutron induced fission of U233. In this case,
the counter was at 770K4 The source consisted of a single crystal of uranyl
rubidium nitrate approximately one cm. across coated with a thin layer (&1 mg/cme)
of uranyl rubidium nitrate made from highly enriched U233. This figure demonstrates
the ability of the countef to detect fission-fragments efficiently in the presence
of a large alpha-particle background.
The effective capacitance of the barrier layer at any applied voltage, as

well as the value of éE/Tl was determined by measuring the pulse height resulting
from bombardment with monoenergetic alpha-particles. These measurements were

accomplished by placing a variable capacitor in parallel with the counter and
measuring pulse height as a function of apblied voltage and external capacitance.
The barrier capaciténce as a function of applied bias at YTOK was also measured
with a smell signal a-c bridge. Figure 7 shows the capacitance of a ~ 1 cm
diameter countef as a function of applied bias. Within the accuracy of the
measureﬁents, the values of CA, Eq. (5), as determined by the bridge method, were

independent of frequency from 100 cps to 10 kc and were independent of a-c signal
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from 10 to 100 mv peak to peak., According to Eq. (4) the values of N and \V o can
be determined directly from the slope and intercept of Fig. 7. Although the
accuracy qf the data was insufficient to permit a precise determination of ﬁjo,
the experimental value of - 0.6 volts is in reasonable agreement with the maximum
possible value at this temperature. The value of N as determined from Fig. 7 is

1.4 x 1012; this agrees with a value of N = 1.5 x lO12

which was determined by
a Hall coefficient measurement on another sample cut from the same parent crystal.

Comparison of these independent methods of measuring the capacitance and uncompen-

sated donor density (N) serves as a check on the validity of the model presented
in Egs. (4) and (5), and thus on the usefulness of these equations in counter design.

Figure 8(a) shows the pulse height V as a function of applied bias Of’a) resulting
from bombardment of a 1 cm diameter counter with U233 alpha-particles at 770K. The
variation of pulse height with applied bias is caused both by a change in the
capacitance of the coﬁnter and by an increase in‘q with increasing bias. The
failure of the pulse height to go to zero as the externally applied bias goes to
zero 1s a direct consequence of the fact that the barrier exists even in the absence
of externally applied bias.

Figure 8(b) shows the measured values of %5/71 at 77OK as a function of
externally applied bias. If it is assumed that Tl goes to unity as the bias is
increased, the limiting value of é?/TL is in reasonable agreement with McKay's
value of € = 2.9% £ 0.15 ev/pair. The effective capacitance and é/n as a
function of applied bias mVe also been measured for several counters by comparing
the pulse height resulting from alpha-particle bombardment to the pulse height

resulting from injection of a known amount of charge, from a precision pulser,
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into the counter circuit. These measurements give results which are in essentlal
agreement with those of previously mentioned methods.

One counter has‘been operated sucessfully at temperatures as low as O.EOK?ﬁ
Figure 9 shows the pulse height resulting from bombardment of this counter with
alpha-particles from a rélatively thick Np237 source, as a function of appiied
bias at 770K and O.EOK. In this case, both pulse height curves correspond to
the largest pulses observed from the thick source. The value of é/%L corresponding
to the plateau region of the 0.2°K curve is 2.8 ev/pair and the values of €/ ul
for the 770K curve are 2.9, 2.8, and 2.8 ev/pair for the 1, 2, and 3 volt points
respectively. These values of GE/yl'are based.on the measured effective capaci-

tances obtained using the pulser method mentioned above. The rather striking

difference between the two curves of Fig. 9 illustrates the difference between

the behavior of these counters in the high and low temperature regioms.

The rise times of pulses resulting from bombardment with monoenergetic

alpha particles at 770K were measurea fara 0.7 cm thick counter and for a

0.1 cm thick counter. 1In both cases, the experimentally determined rise time
was & 2 x 10-8 sec which is in reasonable agreement with the predictions of
simple surface barrier theory. At M.EOK, the pulse rise time for the 0.7 cm
thick counter was 2 x 10-7 sec. Since the carrier mobilities would be expected

to be larger at 4.29K than at 77°K, this relatively long pulse rise time as well

*

The assistance of S. H. Hanauer in these measurements is gratefully acknowledged.
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as the results shown in Fig. 9 indicates that at very low temperatures (where
the resistivity of germanium approaches that of a good insulator), there were
significant électric fields extending through a substantial poftion of the crystal
when external bias was applied.
It was noted that these counters are sensitive to the presence of magnetic

fields, particularly when they were operated in the liquid helium temperature

range. At these temperatures, application of magnetic fields of a few hundred
gauss appeared to have a slight effect on the pulse height at a given bias voltage.
Fields of a few kilogauss parallel to the counting surface completely suppressed

the pulses resulting from alpha-particle bcmbardment.

V. CONCLUSIONS

Under proper operating conditions, germanium surface barrier counters make
excellent detectors for short-range charged particles. Their good resolution
and apparent freedom from direct recombination make them particularly useful
for resolving pulses from particles which create different specific ionization
densities. The very fast rise time associated with pulse formation indicates
that they might also prove useful for fast coincidence counting, particularly in
experiments which invol;e counting fission-fragments.

The range of sizes and the éompactness of a complete unit makes them
potentially very useful in experiments where space is an important consideration.
Their compactness might also make them useful for constructing matrices con-

taining a large number of small individual counting elements. The main dis-

advantages of these devices' arise from the necessity of operating them at low
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temperatures and from the relatively small size of the ouptut voltage pulse.
Since this investigation was primarily concerned with counting short-range

particles at low temperatures, no attempt has been made to develop a device which
would operate successfully at room temperature. None of the counters produced
by the techniques described in Section III have .been successfully operated:at
temperatures above 216°K (dry ice temperature)., However, Mayer and Gossick
have produced small Ge counters of this general type which worked well at room
temperature, and Si surface barrier counters also can give good results9, The
model presented here should be applicable to such Si counters.

The problem of small signal size can be partially alleviated by the use
of a suitably designed preamplifier. By using a special preamplifier and improved
counter fabrication techniques, J. L. Blankenship of this laboratory has obtained

a resolution of 1.2 to 1.3 per cent9 for alpha-particles with a germanium counter

operated at dry-ice temperature.
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FIGURE CAPTIONS

Typical Surface Barrier Counter.

Equivalent Circuit for Surface Barrier Counter.
Assembly Details of Surface Barrier Counter.

Pulse Height Distribution from U233 Alpha Particles.

Pulse Height Distribution of Fission Fragments from Thermal Fission

or U733,

6. Counting Rate as a Function of Pulse Height for Alpha Particles

and Fission Fragments from U‘e33 Coated Crystal.

7. Capacitance of Counter at 77°K as a Function of Applied Bias.

8.

Pulse Height and €Qﬁz from #33 Alpha Particles Incident on
Counter at 770K.
Pulse Height Resulting from Np(337 Alpha Particles Incident on a

Germanium Surface Barrier Counter.
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