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Neutral-impurity scattering of electrons and holes at low temperatures has been studied in isotopically
engineered Ge single crystals. Use of the neutron transmutation doping technique provides the neces-
sary dopant uniformity and low compensation. We find excellent agreement between the low-
temperature experimental mobility and phase-shift calculations for the hydrogen atom scaled to the im-

purity atoms in semiconductors.

I. INTRODUCTION

The low-temperature mobility of free carriers in semi-
conductors is mainly determined by ionized- and
neutral-impurity  scattering. @ The ionized-impurity
scattering mechanism has been extensively studied,! and
various aspects of this process are now quite well under-
stood. Scattering by neutral impurities is much less
effective than by ionized centers, i.e., its contribution is
significant only in crystals with low compensation and at
very low temperatures where most of the free carriers are
frozen on the impurity sites.

Good examples of devices in which the neutral-
impurity scattering mechanism becomes important are
extrinsic semiconductors for infrared photoconductors
(Ge:Ga, Ge:Zn, Ge:Be, Ge:Cu, Si:B, etc.?) that are widely
used by astrophysicists® and condensed-matter scientists.*
Because photoconductor materials are typically nominal-
ly uncompensated and run at low temperatures (7' < 10
K), understanding of the mobility dominated by neutral-
impurity scattering is crucial for the development and
modeling of these infrared detectors.

Theoretical research on neutral-impurity scattering has
been active since 1950.°!! Following the progress of the
theory, a few experimental studies probing the nature of
neutral-impurity scattering were published.'?”!* Howev-
er, for these experiments it was necessary to introduce
adjustable parameters to obtain good agreement between
the experimental results and theory. Consequently, there
still exists no solid experimental verification for the
theoretical models of the neutral-impurity scattering rate.

0163-1829/94/50(23)/16995(6)/$06.00 30

In order to clearly discern the effects of neutral impuri-
ties on the carrier mobility, one has to reduce or elimi-
nate the much more efficient ionized-impurity scattering.
This can be realized only in uncompensated materials.
Furthermore, since the standard scattering models as-
sume a random distribution of scattering centers, it is
very important that the impurities are uniformly distri-
buted in the samples. These conditions are not easily
achievable with standard doping techniques, where con-
siderable compensation and/or nonuniform impurity dis-
tributions are frequently observed.

In this paper, in order to satisfy the very strict materi-
als requirements for our neutral-impurity scattering ex-
periment, we have applied the neutron transmutation
doping (NTD) technique'® to Ge samples of controlled
Ge and 7*Ge isotopic compositions. Such studies are
now possible due to the availability of highly enriched Ge
isotopes.!”!® Using NTD on isotopically controlled Ge
samples we can control both the acceptor (Ga) and donor
(As) concentrations. The NTD method also leads to very
uniform impurity distributions down to the atomic lev-
el.” Ge crystals prepared in this way provide an ideal
system to study neutral-impurity scattering.

The main objective of this paper is to directly compare
experimentally measured Hall mobilities with theoretical
mobilities calculated without any adjustable parameters.

II. THEORY

A. Neutral impurity scattering

In 1950 Erginsoy® realized that the neutral-impurity
scattering cross sections in semiconductors can be de-
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rived by taking electron-hydrogen (e ~-H) scattering cross
sections in free space and modifying them to semiconduc-
tors by scaling the electron mass and the dielectric con-
stant. Unfortunately the exact e “-H cross sections in
free space were not available to Erginsoy at the time. He
took approximate e -H results of Massey and
Moiseiwitsch?® and calculated the inverse relaxation time
771, the scattering rate, for neutral-impurity scattering:’
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where « is the dielectric constant, e is the electron charge,
Ny is the neutral-impurity concentration, and m* is the
electron effective mass. Equation (1) can be considered
only as a first-order approximation because the prefactor
20 is an empirically determined constant and only the
lowest-order s partial wave is taken into account in the
phase-shift calculation. Anselm® and Sclar’ later at-
tempted to improve Erginsoy’s calculation by including
an overcharged H™ state, which might become important
at low temperatures. Sclar also derived an expression
which relates 7~ ! in semiconductors to the phase shifts of
e ~-H scattering:!
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where v is the velocity of an incident electron, k is the
wave number, and §, is the /th partial phase shift. Nearly
exact phase-shift calculations of e -H scattering were
finally performed in 1961 by Temkin and Lamkin?? and
Schwartz.2®> These calculations included scattering for
singlet and triplet states. Blagosklonskaya et al.® scaled
these results to semiconductors and obtained cross sec-
tions that turned out to be appropriate only when the in-
cident electron energy was less than ;L of the binding en-
ergy of a scattering center. McGill and Baron® used the
results of Sclar [Eq. (2)] in the form

4rNyfie’ = (1 +1)
172

- —
Theutral

3sin®(8; —8;% )
2em By 2 412 SO B

+sin®(8; =8/, )1, ()

where Ej is the binding energy of the scattering centers,
w=E /Eg where E is the incident electron energy, and
8 and 8, are the Ith partial phase shift for the singlet
and triplet states, respectively. By inserting ;" and &;
(I =0-2) of e -H scattering calculated by Temkin and
Lamkin® into Eq. (3), McGill and Baron graphically
showed the accurate 7! as a function of w for neutral-
impurity scattering in semiconductors.” The result of
MCcGill and Baron has been considered as an appropriate
model for neutral-impurity scattering in semiconductors
and has been discussed in detail in many standard text-
books.?* Later Meyer and Bartoli reevaluated the prob-
lem and provided an analytical expression that is essen-
tially the same as the graphical solution of McGill and
Baron but covering a wider incident-electron energy
range:'°
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Here m{ is the hydrogenic effective mass given by
EBK2m0
mfg=————, (5)

where m,, is the electron rest mass and Ey=13.6 eV is
the binding energy of hydrogen. In their original treat-
ment Meyer and Bartoli used square-conductivity
effective mass m *2, instead of m §? in the denominator of
Eq. (4a). Two effective masses in the denominator of Eq.
(4a) come from two different origins: one is the mass of an
incident electron and the other is the mass of a bound
electron at the scattering center. For this reason it may
look appropriate to use m %, times m} instead of m .
However, because we are adopting the results of e -H
scattering in free space in which the masses of incident
and bound electrons are the same, we must keep the two
masses in the denominator the same in order for our scal-
ing to semiconductors to be valid. Therefore appropriate
parameters to use are m Ji for scaling of the Bohr radius
in Eq. (4a) and w=E /Ej for the scaling of the incident
electron energy in Eq. (4b). One should also be careful
with the choice of Ey for this calculation. All previous
studies cited above employed experimentally determined
Eg, which included contributions from central cores of
impurities. Because we are only interested in the Bohr
radius of scattering centers, a theoretically calculated Eg
of a perfect hydrogenic impurity without any central-cell
corrections should be used. This approach is appropriate
since the central-cell potential is highly localized and
therefore, although it can affect the binding energy, it
does not significantly change the size of the neutral im-
purity, which is mainly determined by the long-range
Coulomb interactions.

B. Total-mobility calculation for doped Ge
at low temperatures

In our total-mobility calculation we employ a standard
relaxation-time approximation. This approach is valid
because we are limiting ourselves to low temperatures
(T<25 K) where the inelastic optical-phonon
deformation-potential scattering is negligible. Three
scattering mechanisms are considered: neutral-impurity,
ionized-impurity, and acoustic-phonon deformation-
potential scattering.

The neutral-impurity scattering contribution is calcu-
lated using both Egs. (1) and (4) so we can compare the
models of Erginsoy and Meyer and Bartoli to our experi-
ment. The concentration of neutral-impurity centers as a
function of temperature Ny (T) in each sample is given by
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TABLE I. Parameters used in the total-mobility calculations.

Ge:As (n-type)

Ge:Ga (p-type)

K 16
mk, 0.12m,
B,. (Ref. 28)
Ep (theoretical)

l‘ogxlolo g3/2 K—3/2
12.5 meV (Ref. 29)

16
0.28m,
9.50%X 10° g}2K 3/
11.2 meV (Ref. 30)

NN(T):NMJ_NMN—"(T) ’ (6)

where Ny, Nyn, and n(T) are the majority-impurity,
minority-impurity, and free-carrier concentrations, re-
spectively.

For the ionized-impurity scattering, we employ the
Brooks-Herring expression,>26
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x =E/kgT (E is the incident electron energy), m2, is
the average conductivity effective mass, and N, is the
ionized-impurity concentration. The temperature-
dependent N; in each sample is given by

N{T)=n(T)+2Npy - ®)

For the acoustic-phonon deformation-potential scatter-
o 27
ing,
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where the constant B,  has well-established values for -
and p-type Ge as shown in Table I.

Having found 7! of all three scattering mechanisms,
we calculate an average (7) using the Maxwell-Boltzman
integration:

x372 exp(—x)
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Finally the total mobility .., is then given by
l-‘tot=e(7)/m:on . (11)

All the parameters required for the mobility calcula-
tions are well known in Ge (Table I). The only unknown
material parameters at this point are sample-dependent
Nygys Nyns and n(T) in Egs. (6) and (8). However, as is
shown later, all three parameters can be determined pre-
cisely for each sample by performing variable-

1

temperature Hall-effect measurements. Consequently all
mobility calculations are performed without any adjust-
able or scaling parameters.

III. EXPERIMENT

Our growth method of isotopically enriched "*Ge and
Ge crystals has been described in detail in Ref. 31. The
electrically active residual-impurity concentration in the
Ge crystals before NTD is typically ~10'> cm ™3, Wafers
were cut from each ingot and thermal-neutron irradiated
at the University of Missouri Research Reactor facility.
After the irradiation, the "*Ge wafers became As doped,
i.e., n-type due to the *Ge + n—"°Ge—"°As B~ decay
reaction, while the "°Ge wafers turned p-type due to the
Ge + n—"'Ge—"'Ga electron-capture reaction. Un-
avoidable fast-neutron radiation damage was removed by
thermal annealing at 650°C for 10 sec in a N, atmo-
sphere. A series of *Ge:As and °Ge:Ga wafers of net-
carrier concentrations in the range 10'#-10'® cm ™3 and
less than 1% compensation were produced in this
manner. A detailed description of neutron-transmutation
doping of °Ge and "“Ge crystals are given in Ref. 32.
Hall and resistivity measurements were performed in or-
der to determine the free-carrier concentration and the
mobility as a function of temperature. Disk-shaped (~6
mm diameter, ~0.5 mm thick) samples with the van der
Pauw contact configuration were used in all measure-
ments. Phosphorus and boron were implanted to NTD
"Ge:As and NTD °Ge:Ga samples, respectively, for the
formation of Ohmic contacts. A magnetic induction of
3000 G was used in all Hall measurements.

IV. RESULTS AND DISCUSSION

Our first experimental step is the determination of
n(T), Ny, and Ny in each sample performing Hall-
effect measurements. Figures 1(a) and 1(b) show the
temperature-dependent free-carrier concentrations n(7)
in four Ge:As and two °Ge:Ga samples, respectively.
The experimental curves are fitted with the following
standard semiconductor statistics, which describes the
temperature dependence of the free-carrier concentration
in semiconductors doped by shallow majority impurities
Ny and compensated by minority impurities Ny :>>

n(T)=2(NMJ—NMN)/{[1+(NMN/gNB )exp(EMJ/kBT)]

+‘/[ 1+(NyngNplexp(E vy /kp T)]2+(4/3NB NNy —NynJexp(E g /kpT)}

(12)
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TABLE II. Ny and Ny, obtained from the Hall curve
fittings.

Sample Ny (em™) Nun (cm™3)
"Ge:As—1 4.5x 10" 2.5% 1012
"Ge:As—2 1.8X 10" 6.0X 1012
“Ge:As—3 2.9%10% 2.1x108
4Ge:As—4 1.5%10' 4.2x10%
Ge:Ga—1 3.2X 10" 1.0X 1012
Ge:Ga—2 8.8 X 10 5.1X 102

where n (T) is the free-electron (hole) concentration, Ny
and N, are the majority- and minority-impurity con-
centration, respectively, Ny is the effective conduction-
(valance-) band density of states, g =1 (g =4) is the spin
degeneracy for a donor (acceptor), and E\y are the exper-
imentally determined ionization energies: 14 and 11.07
meV for As and Ga, respectively. All fits we obtained us-
ing Eq. (12) are very good (see Fig. 1) and Ny; and Ny
are accurately determined for each sample as shown in
Table II.

Figures 2(a) and 2(b) show the temperature-dependent
Hall mobility for all samples in the temperature range
T=6-300 K. We have demonstrated in our recent paper
that the mobility in the high- (T >80 K), intermediate-
(T'=20-80 K), and low- (T <20 K) temperature regimes
is dominated by phonon, ionized-impurity, and neutral-
impurity scattering, respectively.*

We now turn our attention to the low-temperature re-
gime where mobilities are dominated by neutral-impurity
scattering. Figures 3(a) and 3(b) show a direct compar-
ison of our experimental results with theoretical total-
mobility curves calculated using the procedure described
in Sec. IIB. For each sample two theoretical total-
mobility curves are calculated: one using Eq. (1) (Ergin-
soy) and the other using Eq. (4) (Meyer and Bartoli). A
strikingly good agreement was obtained between the ex-
perimental and theoretical mobilities calculated with the
model of Meyer and Bartoli for all samples. In the tem-
perature range of interest (7' <25 K), the condition

16 999

uB > 1 of the high magnetic-induction limit is met for all
samples, i.e., the Hall factor ry is unity. Thus our data
points in Fig. 3 should represent the drift mobility u .
The contribution of hopping conduction to the measured
mobility is negligible because, as seen in Fig. 1, there is
no deviation between the experimental points and the
fitted curves for all samples even at the lowest 7. For
completeness, we have also calculated the Hall factor ry
using 7y =(7?) /{7)2 As a result we have found that ry
was in the range 1.05-1.1 for all data points shown in
Fig. 3. Therefore, even if our Hall results were affected
by ry, the 5-10 % upward shift of each curve calculated
with the theory of Meyer and Bartoli would still be in
good agreement with our experimental results, while it
would lead to further deviation from Erginsoy’s theory.
Also shown in Fig. 3(b) are the contributions of different
scattering mechanisms to the total mobility in
0Ge:Ga—1 which contains the least amount of Ga im-
purities as seen in Table II. Even with this small amount
of the neutral-impurity concentration, neutral Ga be-
comes the dominant scattering center below 16 K.
Mobilities in other samples with higher Ga and As con-
centrations are dominated by neutral-impurity scattering
up to higher temperatures. For example, neutral-
impurity scattering dominates up to T~21 K in highly
doped "*Ge:As—4.

In order to demonstrate the importance of the homo-
geneous dopant distribution, we have performed the same
study on samples cut from Ge:Ga crystals grown by the
conventional Czochralski (Cz) method. Compared to our
NTD "“Ge:As and NTD °Ge:Ga, we expect these sam-
ples to have less homogeneous Ga impurity distributions
since Ga impurities were introduced to Ge melt during
the crystal growth. We have measured four Cz Ge:Ga
samples cut from four different ingots. All samples had
[Ga]~1.5X10"* cm™3 and Nyy~2X10" cm™3.
Among these four samples, mobilities of only two sam-
ples had a fair agreement with the theoretically calculat-
ed mobility. However, mobilities in two other samples as
shown in Figs. 4(a) and 4(b) substantially deviate from the
theory. These observed deviations of the measured mo-
bility from the theoretical calculations are most likely
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FIG. 4. (a) and (b) A direct comparison of
theoretically calculated mobilities to experi-
mentally measured mobilities in two conven-
tional Ge:Ga samples.
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due to inhomogeneous Ga impurity distributions in
melt-doped Ge. Only the use of the neutron-
transmutation-doped semiconductors with randomly dis-
tributed dopants allows for an accurate test of the neutral
impurity-scattering models.

V. SUMMARY AND CONCLUSIONS

We have performed a detailed study of neutral-
impurity scattering by measuring the free-carrier mobili-
ty in Ge:As and Ge:Ga samples. The application of the
neutron-transmutation doping technique to isotopically
enriched "Ge and °Ge crystals allowed preparation of
samples with controlled compensation and truly random-
ly distributed dopants. We have shown that the low-
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temperature mobility is accurately described by the
phase-shift-based scattering model of hydrogen atoms
scaled to hydrogenic impurities in semiconductors.
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