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its value is
[3Cnss’, M 1= (860/2) E
]

X { (Aaif/ Ayi) [TAP (4587) + T2V (4,85) ]
X[Ta® (L) — 1P (1) 1+ (Ayi/ A=)
X[TW® (4;8;) — TP (458;) ]

X[Ta® (L) + 110 (1) 13-

We now square the commutator and determine the trace
of the resultant. The computation is much simplified by
the fact that the only nonzero contributions to the
trace arise from terms of the form

Tr[Tw® (A,S;) Tar-® (AxSk) ]
and

Te[ T2 (1) T (L) ,
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with both j=% and M =M".
Thus

Tr{[SCus’, M. 1%}
=—(g80)* 2_ Te[Ty® (4;8)) 1Ty (4,8,)]
J
X Te[ T1® (L) "Th® (L) JL(Awi/ Ays) 4 (Ays/ Aai)].
If the paramagnetic ions are assumed to be identical, i.e.,

Aa=A4 Ap=A4y, Aua=4., the result can be expressed
as

Tr{[5Cus’, M. T}
= — (g80)* Te[Bus (M =1) 500’ (M =1) ]
XL (Auf/ A1)+ (Au/ A2)*].
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Partition of the Average Energy Deposited in Germanium as a
Function of Incident Neutron Energy*
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(Received 10 May 1968)

The average energy deposited in crystalline germanium per incident neutron has been calculated as a
function of neutron energy. The calculations are for neutron energies below 4 MeV, where scattering events
predominate and charged-particle production is minimal. A calculation at 14 MeV by Nichols is also in-
cluded. As the incident neutron energy increases from 50 keV to 14 MeV, the average ionization energy
deposited increases from ~1X10712 to ~1X 1078 (erg/g) per (neutron/cm?), and the energy available for
displacements (nonionization) increases from =~1X107%° to ~3X10™® (erg/g) per (neutron/cm?). The
calculated neutron energy dependence of the energy available for displacements agrees with the energy
dependence of carrier-removal experiments in germanium performed with monoenergetic neutrons. Com-
parisons of these calculations are made with analogous ones for silicon. The energy deposited into atomic
processes per carrier removed for ~40-Q cm n-type germanium is ~0.5X 10~ erg/carrier, and the correspond-
ing number is about a factor of 2 larger in the case of n-type silicon.

INTRODUCTION

VERY significant amount of energy can be im-

parted to a crystalline solid through neutron
reactions. A full understanding of neutron-induced ef-
fects requires a knowledge of the partition of energy
between electronic and atomic processes. The energy
going into atomic processes is available for neutron
displacement damage, whereas the energy going into
electronic processes is available for the production of
transient ionization effects.

This paper is the fourth in a study of the partition
of energy of energetic particles in crystalline solids.
The first paper! (I) gave the ionization produced by
an energetic silicon atom in a Si lattice. The second

* This work was supported by the U.S. Atomic Energy Com-
mission.
1A, R. Sattler, Phys. Rev. 138, A1815 (1965).

paper? (II) was a similar study for Ge. The third
paper® (III) gave the partition of the average energy
per incident neutron imparted to a Si lattice as a func-
tion of neutron energy. This paper is a study for Ge,
analogous to III, and gives the partition of the aver-
age energy per incident neutron imparted to a Ge
lattice as a function of neutron energy. A partial
account of this work was presented in Ref. 4.

The model for the calculations was first presented
in IIT and is reviewed briefly. This is followed by
a presentation of the calculations. The calculations
are then compared;with carrier-removal measurements
made in Ge as a function of neutron energy. The

2 A. R. Sattler, F. L. Vook, and J. M. Palms, Phys. Rev. 143,
538 (1966).

3 A. R. Sattler and F. L. Vook, Phys. Rev. 155, 211 (1967).

* A. R. Sattler, in Radiation E flects in Semiconductors, edited by
F. L. Vook (Plenum Press, Inc., New York, 1968), p. 243.
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paper concludes with a comparison of the present
results with those for Si.

MODELS FOR CALCULATIONS

Neutron-induced events in a solid can produce
heavy recoil particles, light-charged particles, and
photons. It is these reaction products that transfer
energy to the crystal. As in III, we neglect the ioniz-
ing effect of neutron-induced photons, considering, in
effect, device-size Ge samples. (See the Appendix for
a more complete discussion of the approximations.)

In order to calculate the energy partition as a func-
tion of neutron energy, a knowledge of cross-section
data and the energy partition of the neutron-induced
reaction products is necessary. There are enough total
and differential cross-section data for Ge to make
reasonable calculations over the fission spectrum. The
energy partition of light-charged particles is trivial
because virtually all of the energy goes into the elec-
tronic system. The energy partition for heavy Ge
recoil atoms has been reported®® and is based on
measurements of the ratio of the number of pairs
produced by a heavy recoil atom to those prgduged
by an electron of the same energy. Such ionization
data are interpreted to yield the partition of energy
between electronic and atomic processes by assuming
that the number of pairs produced per unit amount
of energy going into electronic processes is constant
and independent of the particle or its energy. Since
an energetic electron loses virtually all of its energy
to electronic processes, the measured ratios give, on
the basis of this assumption, the fraction of the energy
of the recoil atom going into electronic processes.
Theoretical and experimental arguments in I, II,
and IIT indicate that this assumption is valid, and
it is this assumption that is the basis for predicting
the partition of energy in the present paper. The
term ‘““lonization” therefore will be used in the rest
of the paper to represent the amount of energy going
into electronic processes.

Calculations were made over ranges of incident
neutron energies E,; 50 keV<E,<1.5 MeV, and at
3.5 MeV. The production of heavy recoil atoms domi-
nates in this energy region. Another calculation® of
the energy partition has been made at 14 MeV, where
charged-particle production is important.

The energy spectrum of Ge recoil atoms from neu-
tron elastic and inelastic scattering is deduced from
differential cross-section data at each neutron energy.
The average energy partition results from II and
Ref. 5 are folded into this energy spectrum. This
gives the contributions of the Ge recoil atoms to the
average energy going into ionization and the average

8 C. Chasman, K. W. Jones, R. A. Ristinen, and J. T. Sample,

Phys. Rev. 154, 493 (1967).
"yls). K. Nic};ols, General Atomic Report No. G.A. 36, 1965

(unpublished).
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energy going into atomic processes and hence avail-
able for the production of damage.

The average ionization per gram per incident neu-
tron per cm? [(E,), produced by recoils from neu-
tron elastic and inelastic scattering in the region where
these reaction cross sections virtually make up the
total cross section, is

I—(En) = % ‘Ttotal(En) <Tf(T) )av

N Tmsx
- [ o (B, T)TF(T)AT, (1)

min

where I'=T(E,, Q, cosf) is the energy imparted to
a Ge atom by an incident neutron of laboratory
energy E,; f(T) is the fraction of energy going into
ionization, taken from averaging results of II and
Ref. 5; o(E,, T) is the differential elastic and in-
elastic scattering cross section as a function of T

Tmﬂx
/ (B, T) AT (En) for Ey <3.6 MeV;
(1]

Qi is the energy balance for inelastic scattering to the
ith excited state of a Ge isotope (Q=0 for elastic
scattering); 6 is the neutron scattering angle in the
center-of-mass system; N is Avogadro’s number; and
A is the atomic weight of Ge. The component of
energy going into atomic processes is T[1—f(7)],
and can be obtained by substitution of [1—f(T)]
for f(T) in Eq. (1).

RESULTS AND DISCUSSION

The calculations of the average ionization per inci-
dent neutron and the average energy per incident
neutron deposited in the atomic system are shown in
Figs. 1 and 2, respectively. The calculations made at
14 MeV by Nichols® are also shown. As the incident
neutron energy increases from 50 keV to 14 MeV, the
average ionization energy deposited increases from
~1X1072 to ARX1X107® (erg/g) per (neutron/cm?),
and the energy available for displacements (non-
ionization) increases from ~1X10™9 to ~3X10~?
(erg/g) per (meutron/cm?).

Because there are few charged-particle production
cross-section data available for Ge, the actual shape
of the average ionization per incident neutron as
a function of neutron energy is somewhat uncertain
above 3.6 MeV. The ionization for Ge (Fig. 1) seems
to be about one order of magnitude smaller than for
the corresponding curve for Si, for 0.3<E,<14 MeV.
This is largely due to the smaller energy transfer
to Ge (slower recoil nuclei) and the larger Coulomb
barrier against charged-particle emission in Ge. Below
~0.3 MeV the rapid fluctuation of the Si cross sec-
tion makes a general comparison difficult.
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Figure 2 shows that the calculations of the energy
going into the Ge atomic system give a fairly good
representation of the neutron energy dependence of
carrier-removal data by Cleland et al.” In Fig. 2 cal-
culations and experiment are normalized at 1 MeV.
A similar proportionality was found in silicon between
calculations of the energy deposited into the atomic
system and carrier-removal measurements with mono-
energetic neutrons.®® Therefore, the neutron energy
dependence of the electrical properties of neutron-
irradiated Si and Ge apparently can be predicted by
this type of calculation over a range of about two
orders of magnitude in neutron energy. This is ap-
parently true even though for silicon in this neutron
energy range the differential scattering cross section
fluctuates widely.
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Fi1c. 1. Average energy deposited in Ge as ionization per incident
neutron [ (erg/g) per (neutron/cm?) ]. The calculation at 14 MeV
is taken from Ref.6. The results for Si from Ref. 3 are shown for
comparison.

7J. W. Cleland, R. F. Bass, and J. H. Crawford, Jr., Radiation
Damage in Semiconductors (Dunod Cie, Paris, 1965), p. 401.

8 The energy per carrier for Si computed from the work of E. C.
Smith e ol. [IEEE Trans. Nucl. Sci. NS-13, 11 (1966)] and
Cleland’s measurements is ~25%, lower at 1 MeV and ~50%,
higher at 14 MeV than those found in the present investigation.
A calculation by H. J. Stein [J. Appl. Phys. 38, 204 (1967)] is
~30% higher at 14 MeV. The point at 14 MeV is very difficult to
calculate, however, because of the many channels available to
neutron-induced reactions.
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F16. 2. Average energy deposited in Ge per incident neutron
[(erg/g) per (neutron/cm?)] that does not go into ionization.
Carrier-removal data are taken from Ref. 7 and normalized at
1 MeV. Shown for comparison are the calculations for Si from
E. C. Smith ef al. (Ref. 8) which are in general agreement with
Ref. 3 but more detailed in the keV region. An estimate at 14 MeV
taken from Ref. 6 is included.

The average energy going into the atomic system
for Ge is about a factor of 2 to 3 smaller than that
for Si in the energy range of 600 keV<E,<14 MeV.
This is about what one would expect from relative
energy transfer and cross sections. For energies below
~300 keV the fluctuation of the Si cross section
causes a corresponding fluctuation in the ratio of the
quantity T[1—f(7)] of Si to that of Ge.

T{1—f(T) Joe

at E,~200 keV
T1—£(T) Iss

%

and

T (1) Jes _
T—f(D) s

Now that the neutron energy dependence of per-
manent damage has been studied for Si and Ge in
some detail, the energy deposited into the atomic
system per carrier removed can be calculated for each
semiconductor and compared. Since the calculated
points for both Si and Ge give the shape of the ex-
perimental curve, the energy going into the atomic
system necessary to remove a carrier should be neu-
tron-energy-independent. At 1 MeV the energy going
into the atomic system necessary to remove a carrier
is ~0.5X10° erg/carrier for Ge and ~1.0X10~°
ergs/carrier for Si. These results were obtained from
the data points,” calculations for Si,* and the present
work on Ge. Both Si and Ge samples were float-zone
n type, with carrier concentrations of 10® carriers/cm3.
It is found that the energy/carrier for Si computed
from III and Cleland’s measurements is the same at
1 and 14 MeV.3

If the number of displacements is proportional to
the carriers removed, and the displacement thresholds
E, are about the same for Si and Ge, then the energy

2.5 at E,~150 keV.
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necessary to remove a carrier should also be the same
for Si and Ge provided the electrical effects of the
displacements are similar. The results suggest that
this conclusion is approximately correct because we
find (energy/carrier removal)s;/(energy/carrier re-
moval)gex’2. The reason the ratio is not unity may
be explained by uncertainties in the four quantities
for Si and Ge from which this ratio was obtained.
These uncertainties arise in the neutron cross-section
measurements, in the carrier-removal measurements,
in the exact meaning (and value) of £, for neutron
irradiation, and in the different structural and electronic
nature of defects. Comparison is also difficult because
near 1 MeV the Si total cross section fluctuates by a
factor of 2 for larger and smaller neutron energies, and
the energy spread of the ‘“mono-energetic” neutrons
at 1 MeV could influence this ratio.

Experimental results™* indicate that the produc-
tion of defect clusters is responsible for a large part
of the electrical changes in neutron-irradiated Si and
Ge. Neutron-induced disordered regions are p-type
in Ge and intrinsic in Si. In both cases the disordered
regions are surrounded by resistivity-dependent space-
charge regions. For n-type Ge, compact p-» junc-
tions are formed, and for n-type Si, diffuse intrinsic-
n-type junctions are formed; but both of these cluster
regions act similarly to block current flow in #-type
materials. This similar behavior helps explain the
similar carrier-removal results found. For p-type ma-
terials different results would be expected since the
electrical effects of intrinsic clusters in p-type Si
would be quite different from the electrical effects of
p-type clusters in p-type Ge.

Two effects tend to make the energy imparted into
the atomic system increase rather slowly with in-
creasing neutron energy. These effects are that the
differential scattering cross section becomes more for-
ward peaked at higher neutron energies, and the
fraction of the energy going into atomic processes
decreases with increasing primary energy.

Many earlier calculations of the number of atoms
displaced treated the total energy of the primary as
the energy going into atomic processes neglecting,
therefore, the effects of ionization.*? In instances where
the number of displacements are small, e.g., for heavy
primaries ~100 eV, the total primary energy and the
energy going into atomic processes are about the same;
but for primaries with energy 21 keV, realistic dis-
placement calculations should account for the fact

9 H. J. Stein, Phys. Rev. 163, 801 (1967).

10 Q. L. Curtis, in Radiation E ffects in Semiconductors, edited
by F. L. Vook (Plenum Press, Inc., New York, 1968), p. 331.

11 M. Bertolotti, in Radiation Effects in Semiconductors, edited
by F. L. Vook (Plenum Press, Inc., New York, 1968), p. 311.

12 For example, see discussions in F. Seitz and J. S. Koehler, in
Solid State Physics, edited by F. Seitz and D. Turnbull (Academic
Press Inc., New York, 1956), Vol. 2, pp. 307-402; and D. Billing-

ton and J. H. Crawford, Jr., Radiation Damage in Solids (Prince-
ton University Press, Princeton, N.J., 1961), pp. 11-53.
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that energy goes into jonization and is not available
for the production of damage.”® For example, in I it
was shown that ~809% of the energy of the 1-MeV Si
atom in Si goes into ionization and only 209, of
the energy therefore is available for the production
of damage.
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APPENDIX: DISCUSSION OF APPROXIMATIONS

The calculations presented here for Ge are more
difficult than those for Si (III) because Ge is not
monoisotopic, whereas Si can be considered mono-
isotopic. Therefore, the neutron-induced reaction chan-
nels available to each isotope of Ge must be con-
sidered. As a result, the nuclear measurements are
more difficult, and the amount of available cross-
section data is much smaller than for Si.

These energy partition calculations are mostly con-
fined to the energies imparted to the Ge recoil atom
over the neutron energy range, 50< E,<1500 keV, and
at 3.6 MeV. This still gives an accurate representation
of the energy partition because at these energies,
especially below 1500 keV, the Ge Coulomb barrier
(~6.5 MeV for protons and ~13.5 MeV for & parti-
cles) strongly inhibits charged-particle production.
Moreover, for 649 of natural Ge (Ge” and Ge™)
the threshold for proton production is >3.20 MeV.u
Thus, the contribution to ionization by proton pro-
duction at 3.6 MeV should be small (~109, of the
total ionization and ~1% of the energy going into
atomic processes).

The contribution of inelastic scattering (assumed
isotropic) to the energy partition was taken from the
work of Smith ef al®® and Barry® in the low-energy
region, and Nishimura” and Kent ef a8 at 3.6 MeV.
Because there are so many excited states from which
to scatter in each of the five Ge isotopes, only the
prominent ones were tabulated, although estimates

18 J. Lindhard, V. Nielsen, M. Scharff, and P. V. Thompsen,

I((gl. I))anske Videnskab. Selskab, Mat. Fys. Medd. 33, No. 10
1963).

4 J. B. Marion, Nuclear Data Tables (U.S. Government Printing
Office, National Academy of Sciences—National Research Council,
Washington, D.C., 1960).

15 A. B. Smith et al. (private communication).

6 J. F. Barry, in Proceedings of the International Atomic
Energy Agency Conference on Nuclear Data, Paris, 1966 (un-
published).

17 K. Nishimura, J. Phys. Soc. Japan 16, 355 (1961).

#D. W. Kent, S. P. Puri, S. C. Snowden, and W. P. Bucher,
Phys. Rev. 125, 331 (1962).
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could be made from less prominent states from their
data displays. Contributions from states having nearly
equal thresholds were averaged. The error from the
lack of precision in the inelastic scattering cross sec-
tions in the calculations should be <209, for E,=
3.6 MeV and 109, for E,<1.5 MeV. Inelastic scat-
tering accounts for <339, of the total cross section
below 1.5 MeV and 509, at 3.6 MeV. The remainder
of the neutron events in the energy regions are con-
sidered to be elastic scattering, and these are rather
well measured and tabulated.’®1718 At 14 MeV the
calculation of Nichols considered both heavy recoil
atoms and charged particles.®

Below 350 keV  angular-distribution cross-section
data from neutron inelastic scattering were taken
from neighboring isotopes®® and normalized to the
total elastic cross section of Ge. As the angular dis-
tribution becomes more isotropic at decreasing neu-
tron energies, these data are estimated to be accurate
within 15%, S0< E, <350 keV for the energy not going
into ionization. For ionization, however, the results at,
say, 50 keV can be considered only as an order-of-
magnitude estimate because the Ge recoil energies in
this range are much lower than those in the exper-
iments of IT and Ref. 5, and the calculations repre-
sent a considerable extrapolation of the data.

As in III, we neglect the ionizing effect of emitted
photons (neutron-induced), considering, in effect, de-
vice-size Ge samples. Due to the much larger Z of Ge
this approximation is not as valid as for Si. The photo
efficiency is « Z5 the Compton scattering is «Z, and
the pair production is «Z2. These calculations for
the average ionization produced in Ge as a function
of neutron energy can then be considered as a lower
limit for the ionization produced as a function of
incident neutron energy. The larger y-ray efficiency
for Ge would, however, have little bearing on the
energy available for permanent damage.

It is interesting to note approximate relative effi-
ciencies for samples of Si and Ge about 1 mm? in
volume. Although the number of v rays produced per
neutron may be small and may depend upon the en-
vironment, the external y-ray flux can be the same
order of magnitude as the neutron flux in a fission
environment where thermal neutrons are prominent.
v rays can then dominate the ionization, especially
for germanium. Very approximate energy deposition
estimates are given in Table I.

¥ M. D. Goldberg, V. M. May, and J. R. Stehn, Brookhaven
National Laboratory Report No. 400, 2nd ed., Vol. 2, 1964
(unpublished).
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TaABLE I. y-ray ionization deposition.

Photon Ionization in Ionization in
energy Si(erg/g) Ge(erg/g)
100 keV ~3X1077 ~2X107¢
1 MeV ~5X10"8 ~2X1077

Finally, the arguments presented in I, IT, and IIT—
that the number of pairs produced per unit amount
of energy going into atomic processes is constant and
independent of the type or energy of the primary
in Ge—have been reinforced by recent theoretical
works by Klein.®#:?* The virtual disappearance of the
Fano factor suggests that the statistics of ionization
in a semiconductor may imply a more efficient proc-
ess than direct electron-hole production as postu-
lated by Van Roosbroeck.?2 In order to obtain sta-
tistics of ionization more compatible with experiment
it may be necessary to consider the formation of
plasmons with their subsequent decay into charge pairs.
This is actually postulated by Klein. He implies that
the number of plasmons created depends only upon
the energy deposited into the electronic system and
not on the origin of the original particle (Si atom
in Si versus an electron in Si). This reduces statis-
tics of ionization to the energy of the plasmons, about
one order of magnitude larger than the band gap.
On the average, the number of secondary electrons
created per plasmon appears to be constant. The fact
that energy per charge pair produced is about the
same for Het* and ¢~ ions in Si and Ge (both par-
ticles lose virtually all their energy to the electronic
system), in spite of a mass difference of a factor of
~7500, is experimental support of Klein’s hypotheses.

A recent experiment by Haines?® with fission frag-
ments shows that the ratio of the electronic energy
lost in the production of 6§ rays to the electronic energy
lost in the excitation of nearby atoms is constant
(for a given material) for Be, Ni, and Au metal foils.
Although the mass and energy range of the fragment
are limited, 75 SE <110 MeV, the fact that the ratio
of these two electronic processes remains constant is
also encouraging and in agreement with a constant
value for the energy into electronic processes that is
necessary to produce one electron-hole pair.

20 C. A. Klein, J. Phys. Soc. Japan Suppl. 21, 307 (1966).
21C. A Klem Phys. Letters 244, 513 (1 67)
22'W. Van Roosbroeck Phys. Rev 139, A1702 (1965).
2 E, L. Haines (prlvate commumcatlon) E. L. Haines and
A. B. Whitehead, Bull. Am. Phys. Soc. 12, 208 (1967).



