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The carrier concentration and mobility, as determined from the Hall effect, have been analyzed using

a computer for a series of n-type silicon samples doped with Sb, P, and As. Mobility calculations,

performed numerically, were based on the general treatment given by Herring and Vogt.
Ionized-impurity scattering was calculated from two theories and compared with experiment.

Lattice-scattering parameters for intervalley and accoustic modes were determined from a comparison of
the results between theory and experiment, using as many as four intervalley phonons. The conclusions

support the earlier work of Long, and a partial explanation of the disagreement with parameters
determined from other measurements is suggested. Scattering by neutral impurities is found to be
temperature dependent, unlike the theoretical model of Erginsoy.

I. INTRODUCTION

The Hall effect has been studied and analyzed in
detail for a series of n-type silicon samples doped
with antimony, phosphorus, and arsenic. Mea-
surements were made on samples with doping den-
sities ranging from 4X10' to 8~10' cm, gen-
erally between 20 and 160 K, but over a wider tem-
perature range in some cases. Almost all the
data were taken in the high-magnetic-field limit
so that Hall-factor corrections were not needed to
determine the carrier concentration and drift mo-
bility. We have analyzed both the carrier concen-
tration and the mobility as a function of tempera-
ture. For the mobility analysis, the model of
Herring and Vogt' was adopted to approximate the
anisotropic nature of the conduction band. By using
the results of both carrier-concentration and mo-
bility analyses, we have been able to determine
independently the density of compensating acceptors
in these samples. Therefore, a quantitative com-
parison could be made between two models of
ionized-impurity scattering, since this mechanism
is coupled directly to the compensation density ht

low temperatures. In particular, we have com-
pared the formulation of Brooks, Herring, and

Dingle given for isotropic scattering, to the theory
given by Samoilovich et al. , calculated express-
ly for the case of spheriodal anisotropic bands.

Recent controversy over the intervalley lattice
scattering process in silicon has been examined,
and lattice scattering parameters have been fit to
our data using a number of proposed models. Our
two purest samples were used for this purpose.
The results of this test are in good agreement with
similar results of Long, but do not support pa-
rameters determined from the analysis of photo-
conductivity and recombination- radiation experi-
ments. In part, a reinterpretation of some optical
experiments is suggested to clarify the present

disagreement between optical and transport mea-
surements.

We have found that neutral-impurity scattering
is not well described by present theory. Experi-
mental data for the mobility due to neutral-impuri-
ty scattering are shown to have a substantial tem-
perature dependence, not accounted for by the
Erginsoy formulation of this problem. Part of
this discrepancy is qualitatively resolved in terms
of resonant scattering involving a possible bound
state for the scattered electron as described by
Sclar. At higher temperatures, however, inelas-
tic scattering may explain the temperature depen-
dence. A much weaker neutral- impurity scatter-
ing interaction is apparent for arsenic-doped sili-
con than for antimony- or phosphorus-doped sam-
ples. No explanation could be found for this dif-
ference.

II. HALL. EFFECT MEASUREMENTS AND CARRIER-
CONCENTRATIONANALYSIS

The experimental apparatus for measuring the
Hall effect has been described previously. ' In
the case of silicon, bridge-type samples were con-
tacted with welded gold wires containing 0.6-at. %
Sb. Orientation of the magnetic field was in the (111)
direction. The electric field was applied along the
(110) or (211) axis.

Analysis of the Hall effect in silicon has been
complicated by the Hall factor r which depends on
the strength of the various scattering mechanisms,
and the details of the band structure. ' Long and
Myers' used an iterative procedure to calculate
the Hall factor in their analysis of carrier con-
centration and mobility as a function of tempera-
ture. In the limit of high magnetic fields, the Hall
factor becomes unity and canbe ignored. Since very
little data have been published on the variation of
the Hall coefficient with magnetic field, we ran a
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FIG. 2. Ratio of low-field to high-field Hall coefficient,
as shown in Fig. 1 for Si:As 1, compared to the calculat-
ed Hall factor ~. The Hall factor is calculated from Eq.
(1), using the parameters determined for this sample
listed in Table VI and mobility parameters for lattice
scattering listed in Table IV.

FIG. 1. Hall coefficient {arbitrary units) as a function
of magnetic field, as measured for Si:As 1 (see Table
I). The decrease in the Hall coefficient at high fields at
the lowest temperatures is probably fictitious, due to the
field dependence of the carrier lifetime.

series of magnetic field sweeps on an arsenic-
doped lightly compensated sample. Figure 1 shows
the Hall coefficient as a function of magnetic field
strength for a number of temperatures in the
range 5-300 K. The data below about 20 K were
obtained by magnetic field s~eeps of the photo-Hall
coefficient. 300-K background illumination, fil-
tered by cold IrBb, restricted the radiation to X

& 5 p, m. The slight decrease in the photo-Hall co-
efficient at the highest magnetic fields, as seen in
Fig. 1, is probably due to the Hall voltage approach-
ing the region where carrier lifetime becomes de-
pendent on the electric field. The ratio of the low-
to high-field coefficient is shown in Fig. 2 as a
function of temperature. For comparison, we
have calculated the Hall factor r using the expres-
sion given by Herring and Vogt, ' and in agreement
with Long .

3( (T ~)/mg + 2 (TgTg)/mJ m~~ )
[2((v~)/m~~)+ (v„)mI']

where i, II refer to the transverse and longitudinal
directions of the ellipsoidal bands and 7 and m*
are the relaxation times and masses of the elec-
trons. These will be fully explained in Sec. III.
It should be mentioned that a somewhat less exact
expression was used for calculating r by Long and
Myers, since isotropic scattering was assumed. '3

As can be seen, there is fair agreement between
the values deduced from the field sweep data and
those calculated from E|l. (I.). Disagreement at the
lowest temperatures may be due, in part, to a
failure of the Born approximation used to calculate

ionized-impurity scattering in this region, and also
from the lack of an adequate theory to correctly
describe neutral- impurity scattering which was
quite strong in this sample. For our purposes,
we have used data taken from the high-field limit
and set the Hall factor equal to unity. This approx-
imation is good for temperatures below about 100
K, depending on the strength of impurity scattering.
%'e have used data up to about 160 K in some cases
without correction. This should introduce very
little error, even though the high-field limit can-
not quite be reached at 20000 G, the Hall factor
approaches unity in this temperature region. Fig-
ures Sand 4show the measured mobilities for
phosphorus-doped samples (except Si: P 6); and
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FIG. 3. Nobilities as measured for four phosphorus-
doped silicon samples. Sample properties are listed in
Table I. Open data points are measured with thermal
carrier generation. Solid data points are taken with the
sample illuminated with 300-K background radiation
(photo-Hall effect) .
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These energy states are related to the carrier con-
centration n, donor and acceptor densities N& and
N, and the density of states in the conduction band

as 170 18
Cy

n(n+N, )
N, -N, -n

N e ~~l~r
C

2+ 6e D/-AT 4 e-ID+de /AT + e-s0/ATg es I /AT

(2)
where EA is the energy of the ground state [1S(A1)],
D and d are the 1S-state splittings, '6 and E]
and g& refer to the energy and degeneracy of the
excited states. We have included three groups of
excited states, near 10, 6, and 3 meV. Thus

FIG. 4. Mobilities as measured for three arsenic-
doped and one antimony-doped silicon samples.

esI /AT 24e IL 0100/AT 26 IL 0058/ AT 24e IL 0020/AT

for arsenic- and antimony-doped samples. A
rough estimate of the high-field limit region is
found from the condition on the mobility-field prod-
uct i' & 1x 100 GcmAI/V sec. Section III deals di-
rectly with the mobility analysis of these samples.
We now present the theory and results of the analy-
sis of carrier concentration as a function of tem-
perature.

The twelvefold(including spin) 1S state of group-V
donors' '" in silicon is split into a twofold-degen-
erate ground state, 1S (A1), and two groups of
higher states, IS (T,) and 1S (E). In addition, ex-
cited states of these impurities lie closer to the
band edge. Kohn' has calculated the excited-state
energy levels and degeneracies, while the 1S-state
splittings have been measured by Aggarwal. '

EIIuation (2) was used to determine NA, N, , and

E„by fitting the measured temperatur: dependence
of the carrier concentration in a manner described
elsewhere. ' N, was taken to be 5. 29x10' T
cm, as calculated for a density-of-states effec-
tive mass of 0. 32mo.

The results of fitting the carrier concentration
as a function of temperature to EII. (2) for the
various samples are presented in Table I. With
two exceptions, we have fixed the value of N, and
only varied N~, N, , and E~. In the case of our
two purest samples, Si: P 5 and Si: P 6, we have
also fit them with N, variable, and both results are
shown in Table I. As can be seen, there is very
little change in any of the parameters when N, is
permitted to vary. This was not necessarily the
case in the less pure samples, for which the ex-
haustion region (n NA —N, ) was n—ot reached be-

TABLE I. Carrier-concentration-analysis results for samples fit to Eq. (2).

Sample

Si: P 1
Si:P3
Si P4
Si: P 5

Si. P 6

Si:As 1
Si:As 2
Si. As 3

N~

(cm 3)

9.GX10~5

2. Gx10i4
9.6 x10'4
3, 3xl0 4

3.3 x 10'4
4. 3 x 10~3

4. 3 x10
1.4 x10"
7.9 x10~5
7.Gx10

N~

(cm )

4.2x10
2.3x10
2. Ox10 4

8.6 x10~2
8.6X10~2
7 7x 1012

7.1x10
6.Ox10
4.3x10"
1.8X10~3

E„
(meV)

45. 64
45. 14
43.39
45. 38
45. 33
45. 42
45. 42

53.64
52. 54
52. 52

Ngr'/1
cm )(10 )

5.29~

5.29K

5.29'
5. 29
5.18
5. 29
4.82

5.29'
5.29
5.29

m*/m,

0.3218
0.3218
0.3218
0.3218
0.3175
0.3218
0.3026

0.3218
0.3218
0.3218

Resistivity
at 300 K

(Q cm)

0.66
17.1
4.76

13.6
13.6

123.
123.

0.43
0.66
0.13

Stand
dev.
of fit
(10-')

4.17
0.55
1.02
0.56
0. 57
0.61
0.48

2.75
l.88
5.35

Si: Sb 1 7.4 x10 ~ 5.3 x10~2 42. 59 5.29 0.3218 0.68 2. 53

'Value fixed.
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low 160 K.
In several of the more impure samples having

donor concentrations of about 10' cm or more,
we have also tried fits with one or more data
points taken at 300 K. In this case the value of n
at 300 K was calculated by several methods. First,
the measured resistivity was used to give a value
of N„ from the graph published by Irvin. ' Using
the appropriate activation energy, we calculated
n/N, at 300 K and obtained a value of n by multi-
plying this ratio by N&. The second method used
the Hall coefficient measured in the low-field
limit at 300 K, and corrected by the Hall factor
calculated from Eq. (1), to give a value of n. The
third method used the measured Hall coefficient
and the Hall mobility at 300 K. Instead of calculat-
ing the Hall factor from Eq. (1), the drift mobility
was calculated and the ratio of Hall to drift mobili-
ty was used as the Hall factor to correct the Hall
coefficient. All three methods gave similar re-
sults, although the first and third rely on good
geometry for an accurate measure of the resis-
tivity. Adding a data point at 300 K had only a
slight effect on the fit, for example, Si: As 1
showed at most a 5% decrease in N~ and an 8' in-
crease in N, from the values obtained without a
data point above 160 K. This check provides rea-
sonable confidence in extrapolating the fitting
procedure to samples for which the exhaustion re-
gion could not be measured in the high-field limit.

III. MOBILITY ANALYSIS

A. General Formulation

We have analyzed the mobility in these same
samples in order to determine the density of com-
pensating acceptors N, and the values of various
other parameters associated with the scattering
mechanisms. N, can be deduced from the strength
of ionized-impurity scattering, especially at low
temperatures where n «N, and lattice scattering
is relatively weak. Vo do this, however, one needs
to have an accurate description not only of ionized-
impurity scattering in a many-valley band struc-
ture, but also lattice and neutral-impurity scatter-
ing. The anisotropy of the effective mass in sili-
con produces different scattering rates for the
transverse and longitudinal directions in the ellip-
soidal valley. Since each scattering process has
a different dependence on the effective mass of the

I

carriers, it is not possible to select an average
effective mass suitable for all three types of scat-
tering. We have separated the scattering time
averages into two parts, as generally prescribed
by Herring and Vogt, ' and as done by Brooks in
treating lattice scattering for ellipsoidal bands.
This type of treatment is valid when the scattering
is either energy conserving or momentum ran-
domizing. The mobility in this case can be written

i( = ~ e [(r„}/m 8' + 2((V }/m ~)], (4)

where ]] and l refer to the longitudinal and trans-
verse directions, respectively. Each average of
the scattering time is computed numerically by
approximating

(~}=(4/3v s) J e "s'/'r(x)dx (5)

with Simpson's rule, where x= e/kT fn .using
Simpson's rule we have taken the integral from 0
to 25kT, and used 75 intervals; or used two re-
gions, from 0 to 6kT with 24 intervals and 6 to
25kT with 19 intervals. The accuracy of the nu-
merical integration using these choices was com-
pared with taking the integral from 0 to 25kT in 500
intervals. Over the temperature range from 5 to
500 K, the maximum error was 1.75% (at 500 K,
N„= 1X 10"cm ', N, = 1 x 10' cm ) in the first case
with one region; and 1. 13% (at 300 K, N, = 1x10'
cm, N, = 1x 10' cm ) in the second case with two
regions. For these comparisons we used hypo-
thetical samples with a range of donor concentra-
tions from 10' to 10" cm 3, having only a small
amount of compensation. Since the error was al-
most always less with the two region integration,
we used it in preference to the single region. This
was also considerably faster.

The lattice scattering mechanism inn-type sili-
con has been the subject of much recent discussion.
Electron scattering mechanisms by lattice modes
are of two types: intravalley scattering by acous-
tic phonons, and intervalley scattering to either
parallel valleys (g type) or perpendicular valleys
(f type). The allowed intervalley modes have re-
cently been agreed upon, at least theoretically,
although certain experimental evidence suggesting
possible scattering by forbidden intervalley modes
remains to be explained. We will discuss this
later Sec. IVC. In general, the transverse lattice
scattering time can be written

where 8& is the temperature of the ith intervalley
phonon, n, = [exp(e&/T) —1] ', and a), is the relative
coupling strength of the electrons to the ith inter-
valley mode compared to the transverse acoustic

mode. Long and Myers 'determined the ratio of the
acoustic mode scattering strength in the longitudinal
direction to be 3 that of the transverse direction.
This has been confirmed by Neuringer and Little
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also using magnetoresistance measurements, and

by recent experiments involving cyclotron reso-
nance of hot electrons as measured by Kazanskii
and Koshelev. 3 Intervalley scattering is assumed
to be isotropic. Therefore, the scattering time in
the longitudinal direction is

1 1 1

Tali VL g 2TP T X
(7)

where N„=N~ —N, —n is the density of neutral do-
nors, m,* is the effective mass of the conduction
electron (m f or m,f), and m33' is the geometric
mean mass which for silicon is 0. 32mp.

Ionized-impurity scattering has been calculated
by Brooks, Herring, and Dingle. ' This formula
has been quite successful in describing ionized-
impurity scattering in both silicon' and germani-
um. ' The ionized- impurity-scattering time is

3/2 2 ~3 g/2 3/2 [ln(b + 1) —b/(b + 1)]

I.68x10-'N,
T3/2 3, i, I/2 3/2 [ln(b+ 1) —b/(b+ 1)], (9)T m,*/m, x

where

2 Km)(kT) x
vf//e n'

5. 1V x 10' (m g/m 3) T x
n' (10)

n' =n+ (n+N, )[1—(n+N, )/ft/3] . (11)

NI is the tota1 density of ionized impurities, namely,

A somewhat less known treatment of ionized-im-
purity scattering given by Samoilovich et a/4 6 has
also been evaluated. The theory, similar to earlier
work by Ham, specifically treats anisotropic
ionized-impurity scattering in a prolate spheroical
band. Neuringer and Long have interpreted mag-

Neutral- impurity scattering has been calculated
from Erginsoy's' expression derived from the
study of low-energy elastic scattering of electrons
from hydrogen. In the zero-order phase-shift
approximation, this type of scattering is indepen-
dent of carrier energy. However, it has been
shown that for large concentrations of neutral im-
purities, coherent scattering can take place, ' ' 4'

so that the scattering time may not depend directly
on the inverse neutral donor concentration. Also,
group-V donors in silicon are not strictly hydro-
genic. Therefore, we have scaled the neutral-im-
purity scattering time with an adjustable constant
A to be determined from the analysis of the data.
With this provision, the neutral-impurity scatter-
ing time is

1 z 20h N~ 4. 57x10 6

1 1.18x10 'N,
[ln(b3) 1 V5+ 4 64/bg] (13)

where gp and g~ have been given graphical repre-
sentation in Ref. 4. We have approximated these
by the following expressions:

g3 = 0 192 0 067 [5/1 goy (b3~)]

g, = 0. 03[log,3(b„)—1] .
(14)

(15)

Since these functions are small corrections, we
have evaluated gp and g, outside the integral, calcu-
lating b„ in this case from Eq. (10) using x = 3.

The total scattering time to be averaged in Eq.
(5) is defined

3-(x) =
i
—+ —+-

(~L TN
(16)

where the transverse and longitudinal averages are
computed as required in Eq. (4).

Before going ahead to the results of the aaalysis,
it is important to note that none of the several scat-
tering mechanisms can be totally isolated in realis-
tic material. Therefore, the results presented in
Secs. IIIB-IIID dealing with a particular scatter-
ing mechanism will have interacted with each
other during the several months taken to complete
this work. These interactions were always pres-
ent, and although we cannot describe them totally,
it is hoped that this remark will explain why minor
modifications appear, for example, in the choice
of A, during the development of our treatment of
lattice scattering.

B. Lattice Scattering Results

Having presented the formulation of the mobility
calculation, we must evaluate the lattice scattering
parameters 3 3 and the 3v~'s given in Eqs. (6) and
(7). We initially used the model proposed by Rode, "
model 1, with only one intervalley phonon (8&

——540
K). Therefore, the parameters calculated by Long'
could not be adopted, since his model assumed two
intervalley phonons with temperatures 630 and 190
K. Also, the mobility due to pure lattice scattering
is not clearly established in the literature. Mea-

netoresistance data with respect to the relative
ratio of longitudinal to transverse scattering time
predicted from the theory, but we do not know of
any reference dealing with the absolute magnitudes
of the scattering times as predicted by Samoilovich
et a/. The expressions given here have been eval-
uated specifically for n-type silicon, and the
reader is referred to the original papers for a com-
plete description. With b„evaluated as in Eq. (10),
(mg=m„), we find

1 4. 28x10 ~N
[1 n(b 3) —2. 34+ V. 88/b „], (12)
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sured mobilities range from 18 000 to 24000 cm~/
Vsec at '77 K, with additional uncertainties arising
when the Hall factor and impurity scattering must
be taken into account. We decided initially to de-
termine vo from the data taken on our two purest
samples, by fitting vo as a parameter using data
from 20 to 77K. Both of these samples, Si: P 5
and Si: P 6, were cut with bridge shapes favora-
ble to an accurate determination of the distance
and width between resistivity arms, so that geo-
metrical errors should be small. For this fit,
w, was fixed at l. 5 (w, 4 were fixed at zero) and
since intervalley scattering lomers the mobility by
less than 3%%up for this model at '77 K, this choice
was unimportant. We found good agreement for
both samples, using several trials with parameters
N, and A both fixed and variable. Using the tem-
perature range from 77 K down, we found v'o to be
3. 56X10 sec, within l. 7%. In addition, we ran
a second series of fits with data from a more re-
stricted temperature range, 20-41 K. The average
values of To were 2. V%%up and 1. 1% higher for sam-
ples Si: P 5 and Si: P 6, respectively, when only
data from below 41 K was used. With wo chosen to
be 3. 56&&10 sec, we then ran a series of calcu-
lated mobilities at 300 K, varying w&. From this
series, we selected so, to agree with the measured
drift mobility at 300 K. Drift-mobility experi-
ments" "give mobilities between 1350 and 1500
cm'/V sec at room temperature. We chose to use
m, = 1.45, giving a mobility of about 1450 at 300 K,
consistent with our own measurements which will
be described later.

The tmo temperature ranges used above to deter-
mine ~o mere chosen deliberately to see if there
was a significant amount of intervalley scattering
by lower temperature phonons (LA g type or TA

f type) as suggested by several authors, but for-
bidden by the calculated selection rules. If lower
temperature phonons were contributing significantly,
we would expect the fitted values of vo to be higher

using data from the temperature range below 41
K. Also, the fit ~ould be skemed when the temper-
ature range up to 77 K was used, since the adjust-
ment of vo alone could not compensate for a low-

temperature intervalley node. Although there is
only a slight increase in the average value of Tp

using only data belom 41 K, the fit over the 20-77-
K range remained slightly skemed even when N,
and A were permitted to vary. Also, fitted values
of N, were lower when the full range of 20-'7'V K

was used, indicating an adjustment of N, in attempt
to raise the mobility at low temperatures with re-
spect to higher temperatures. This discrepancy,
although not prominent, indicated a possible weak con-
tribution from a low -temperature intervalley phonon-

At this point in our work it became apparent that
more complete data at higher temperatures would

be necessary to characterize the intervalley scat-
tering process. We therefore extended the range
of measurements on our purest sample, Si: P 6,
to room temperature, measuring the Hall constant
at both 600 and 20000 G, along with the resistivity.
Since the analysis of carrier concentration could
be carried out with data taken below 100 K for this
sample, the carrier concentration above 100 K
could be accurately calculated from the values of

N~, N„and E~ as given in Table I. From this,
we deduced the Hall factor and mobility up to room
temperature, without relying on Eq. (1) which
assumes an accurate knowledge of the scattering
times. Data taken between '7'7 and 315 K were then
compared to model I, which we will now call
model I(a). Deviations between the data and model
I(a) were skewed by 5 to ego. Two modifications
mere then attempted on model I. First, we tried
using a phonon temperature of 670 K rather than
540 K [model I(b)]. For this choice a coupling
constant of 2. 0 was needed to give agreement to
drift mobility at 300 K. Comparison with our
data above V7 K again gave deviations on the order
of 6%%up. Next, we used a combination of both these
intervalley phonons, ~~=540K and 8& =670 K
[model I(c)]. By computer adjustment of w, and
u ~, the maximum error was reduced to about 3%%up

over the temperature range above 77 K.
Having exhausted the possibilities of model I,

we returned to the low-temperature region below
77 K to see if a lom-temperature phonon would

appreciably improve the fit in this region. A sec-
ond model, model II, was calculated using a low-
energy phonon corresponding to f-type scattering
by a TA phonon, in addition to the allowed higher
temperature phonons. For this series we fixed
w, and bleat 0. 6 and l. 2, respectively, as deter-
mined from model I(c) fit above 77 K. Using data
from 20 to 7'7 K, and with 83 chosen to be 190 K,
we fit both Tp and ~3, with N, both fixed and vari-
able. Good agreement mas again obtained between
samples Si: P 5 and Si: P 6, and the results of
fits belom VV K are given in Table II, together mith
the standard deviations. The marked improve-
ment in the standard deviation mhen the forbidden
intervaliey phonon mas included is good evidence
of its importance, even though it is weakly coupled.
Figures 5 and 6 illustrate the relative error be-
tween measured and calculated mobilities for these
two samples, with and without the addition of a
low- temperature intervalley phonon.

With the importance of a lom-energy phonon
established, we again went to the temperature re-
gion above 7V K and fit model II with vo, m„and
w& variable. With this freedom, agreement mas
obtained to better than 2%%up, with the coupling con-
stant of w, fitted to essentially zero (u, & 0. 001),
and ~~ fit to about 1.9. Since ~I, mas fixed at 0. 15
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TABLE II. Mobility latttice parameters fit below 77 K.

Model Sample

Si P5
Si P5
Si:P5
Si. P 6
Si: P 6
Si. P6
Sx P5
Si P5
Si:P6
Si:P6
Si ~ P 5
Si:P5
Si P6
Si: P 6

70
(sec )
(10-')

3.57
3.57
3.62

3.54
3.55
3.53

3.62
3.69

3.60
3.60

3.99
3.79

3.92
3.73

Rvb
SU)

1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
0.6
0.6

0.6
0.6

Rvb
102

1.2
1.2

1.2

1.2

QL

pL

pR

pR

QR

pR

QL

pR

QR

pL

0.17
0. 08

P. 19
0.10

5. 9
5.3
2. 0

14.2
30.5
2. Q

4.8
2

25. 5
QR

2. 0
2. OL

2. 0
2. 0

N~

(cm )
(1P12)

9.2
8.6'
6.0

6.2
7.7L

5.3

8.6R

6.5

7.7L

5.8

8.6
7.0

7.7'
6.3

Stand. dev
of mobility fit

(10-')

5.37
4. 02
1.04

2. 35
5.23
1.43

4 47
p. 32

6.44
0.25

l. 21
0.48

l.33
0.73

Temperature
range (K)

20-77
20-77
20-77

20-77
20-77
20-77

20-41
20-41

20-41
20-41

20-77
20-77

20-77
20-77

Value fixed.
"Coupling constants for intervalley phonons; 8~=540 K, 82=670 K, 83 190 K.

during this fit, the result is identical to that deter-
mined by Long, except for a slight difference in
the value of 83 . Very little change was observed
when all four variables (ro, sv„sum, andst~) were
permitted to vary, and data between 20 and 315
K was used. Results in the higher-temperature
region are summarized in Table III.

At this time it had become evident not only from
these samples, but also from more heavily doped
ones, that ionized-impurity scattering as calculated
from the expression given by Brooks, Herring,
and Dingle [Eqs. (9)-(ll}]was overestimating the
ionized-impurity-scattering strength and that con-
sequently whenever N, was permitted to vary, val-
ues considerably smaller than those determined
in Sec. II were obtained. Therefore, the ionized-
impurity-scattering formulas given by Samoilovich
et al. were substituted [Eqs. (12)-(15)]after it
was clear that they gave a substantial improve-
ment. We also decided to include the possibility
of a fourth intervalley phonon with a characteristic
temperature of 30V K, (this would be LA g-type,
but not quite at 0. 34X as expected} as inferred
from optical measurements. ' These changes de-
fined what we shall call model III. With N, , vp,
and four w&'s variable, we fit the data on Si: P 6
between 20 and 315 K. Only w2 and ut, (83 -—6VO K,
8, = 190 K) were found to be important, but now N,
fit very close to the value determined in Sec. II.
We also fit Si: P 5 between 20 and 77 K, varying
N, , T p w3 and w4. Again, w4 was found to be
unimportant and N, fit very close to the result for
this sample found in Sec. II. Model-III results
are summarized in Table IV for these two samples,
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FIG. 5. Relative error in percent between calculated
and measured mobility for Si:P 5 with and without the
inclusion of a low-temperature intervalley phonon (83
=190 K). The relative error is defined as Error= ((~
—p,)/~l x 100, where ~ is the measured mobility, and

p~ is the calculated mobility. The open triangles show
the result without the inclusion of 83. The solid circles
show the improved fit with 83 included. Values of param-
eters are the following: fixed, Nz=3. 28xlp, A=2. 0,
G=l. p, mr~=0. 6, F2=1.2; fit, open triangles, N, =5.9
xlp, v'0=3. 62x10+ ((F3=0.0 fixed); fit, solid circles,
N~=7. 0xlp, v'0=3. 79X10 ", gr3=0. 08.

and the relative errors are shown in Figs. 7 and 8.
As an additional check on our results, we cal-

culated the Hall factor for Si: P 6 using Eq. (1)
and with parameters determined from several
models. These are compared to our data taken
at 600 and 20000 G between 77 and 315 K, as shown
in Fig. 9. None of the models gives completely
satisfactory agreement, with model III giving the
best results below 100 K, and model 1(a) giving the
best agreement from 100 to about 250 K. It should
be noted that the data taken at 20000 G will not be
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FIG. 6. Relative error as in Fig. 5, for sample Si: P
6. Values of the parameters are the following: fixed,
Ng =4. 29 x 10, A = 2. 0, G = 1.0, goy

= 0.6, sg 2
= 1.2; fit,

open triangles, N~ = 5.3 && 10, 7'0 = 3.53 && 10 ((u3 = 0. 0

fixed); fit, solid circles, N~=6. 3X10, vo —-3.73xlo
gas= 0.10.

in the low'-f ield limit below 150 K.
In conclusion, we show in Fig. 10 the experi-

mental data on Si: P 6, including photo-Hall data
omitted from the fitting procedure, together with
the calculated mobility curve based on model III.

C. Ionized-Impurity-Scattering Results

Ionized-impurity scattering has been treated
using the expression given by Brooks, Herring,
and Dingle in most of the recent experimentalso, ~a, ss, sv

and theoretical work on this subject. However,
as has been mentioned in Sec. IIIB, the agreement
in fitting N, was less than satisfactory for our
purest samples Si: P 5 and Si: P 6 when the ex-
pression given by these authors was used. It was
also tried on several more heavily doped samples,
having stronger contributions due to ionized-im-
purity scattering. The values of N, which were fit
from this formula mere about 3(Pip lower in all
cases than those determined from the carrier-
concentration analysis given in Table I. Conse-
quently, we also ran fits using the ionized scatter-
ing formula given by Sarnoilovich et al, and the

results were much better. A comparison of the
two results is given in Table V. The most sensi-
tive samples for this comparison are Si: P 3 and
Si: P 4, which have the largest contributions due
to ionized impurities, and relatively weak contri-
butions due to neutral scattering. Several, values
of the neutral scattering parameter A were tried,
to verify that the fitted value of N, did not depend
upon this choice. As a counterexample, the choice
of A is more important for Si: As 2, which has a
fairly strong contribution due to neutral-impurity
scattering. In all cases, however, the formulas
given by Sarnoilovich et al. gave better agreement
in determining values of compensation close to
those determined from carrier-concentration analy-
s is.

D. Neutral-Impurity-Scattering Results

Having established a reasonably good model to
describe the lattice and ionized-impurity-scatter-
ing effects, we then went on to fit the remaining
samples which were lightly compensated, and
hence had substantial contributions due to neutral-
impurity scattering. The results were disappoint-
ing. In all cases the fits between 20 and 7'7 K were
skewed, with the calculated mobility higher at the
extremes and lower than the measured mobility
between about 25 and 60 K. In these samples, N,
mas fixed and A and G were permitted to vary.
For completeness, the results of these fits are
given in Table VI.

In order to understand the cause of the poor
fitting, we have extracted the neutral scattering
contributions from each of these samples for
comparison with the Erginsoy model. To do this
we calculated the mobility for each of these sam-
ples, including only the contributions due to lattice
and ionized-impurity-scattering effects, with G
assumed to be unity. %e then estimated the neu-
tral-scattering mobility as

Pz= (&Ikmess &/Precac).

TABLE III. Mobility lattice parameters fit above 77 K.

Model Sample

ro

(sec )

(10 )

Stand. dev
of mobility fit

(lo-')
Temperature

range (K)

I(a)
I(S)
I(c)

II
II
II

Si:P6
Si ~ P 6
Si ~ P 6

Si ~ P 6
Si: P 6
Si P6

3.56
3.56b

3.56

3 90
3.92
3.89

1.45 0
Ob 2. OO

0. 58 1.19

p. 00 1.90
0.00 1.93
0. 01 1.87

pb

pb

pb

0.15b
0.15b

0.15

~ ~ ~ ~

~ ~ ~ C

l. 21

l. 02
l. 02
1.39

77-315
77-315
77-315

77-315
77-315
20-315

Coupling constants for intervalley phonons; e~ = 540 K, 82= 670 K, &3= 190 K.
Value fixed.
Not computer fit.
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TABLE IV. Mobility lattice parameters fit with model III.

Sample

TD

(sec )
(10-') W4

N~
(cm-')
(1012)

Stand. dev.
of mobility fit

(10-')
Temperature

range (K)

Si:P 6
Si P5

3.63
3.77

0. 0002 1, 84 0. 080
0.0b 1.83 0.16

0. 0004 7. 56
0.00007 8.40

0. 90
0.47

20-315
20-77

'Coupling constants for intervalley phonons; 8~=540 K, 9~=670 K, 8~=190 K, &4=307 K.
Value fixed.

For comparison, the mobilities calculated in this
manner were multiplied by the total concentration
of neutral impurities at each temperature. In

addition, we repeated the same procedure, re-
placing the measured mobility by the mobility cal-
culated with the inclusion of neutral scattering
from Erginsoy's formula. For this calculation a
value of A was used, as indicated from our results
given in Table VI, and three choices of G were
assumed: 0. 95, 1.0, and 1.05, corresponding
to hypothetical errors in the sample geometry. Since
Erginsoy predicts a temperature-independent mo-
bility, our calculated mobility including neutral
scattering was used to check if the above procedure
recovered this temperature- independent behavior
out of the involved averaging of scattering times.
By also varying G, we could estimate the reliabili-
ty of the procedure in view of probable errors in

geometry, and observe the consequences of such
errors.

W'e have included in this procedure both Hall and
photo-Hall data, the latter being taken at tempera-
tures between 1. 5 and 20 K with 300-K background
radiation. Lower temperature bounds for the valid-
ity of this data arise in two ways. First, the con-
dition of the Born approximation used in calculating
the ionized-impurity-scattering contribution means
that we must have )ka t »1, where k is the carri-
er wave number and a is the scattering length. For
silicon, this becomes [ka [»1.28x10'T(m~/n')'~,
with n' given by Eq. (11). The second requirement
for these data to be valid is that the thermalization
time of the photoexcited carriers must be much
shorter than the carrier lifetime. Carrier life-
times were determined for most of these samples
from the decay of the photoresponse to a pulsed
CO, laser. The results of these measurements
have been published. 3 W'e can estimate the ther-
malization time for electrons in n-type silicon from
the energy loss rate due to acoustic phonon emis-
sion. In all cases, the greatest lower bound in
temperature is determined by considering the prob-
lem of thermalization time in com~rison to life-
time. Data were used only for temperatures above
2T', where T' is the temperature at which the life-
time and thermalization times are equal, as deter-
mined for each sample.

IV. COMPARISON WITH THEORY AND OTHER
EXPERIMENTS

A. Carrier Concentration Analysis

The principal advantage of our work over the
earlier analysis of Long and Myers' is that here
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FIG. 7. Relative error for Si:P 5, with model III.
Values of the parameters are listed in Table IV.

Figure 11 shows the results found for Si: P 1.
As can be seen, the strength of neutral scattering
decreases slightly from around 5 to 50 K, and then
increases rather sharply above 50 K, causing the
mobility (per scattering center) to decrease. For
comparison, the calculated results found from the
same procedure using the expression for neutral
scattering given by Erginsoy are also shown. As
expected, very little temperature dependence is
evident in the calculated curves, except at the
highest temperatures for those cases with hypothet-
ical errors in sample geometry. It should be
noted that in no case will a fixed geometrical error
yield a temperature dependence similar to our ex-
perimental results. It is also clear why the corn-
puter fits between 20 and 77 K were high at the
extremes and low between about 25 and 60 K, as
we have stated.

Figures 12-16 give the same information for
samples Si: P 5 (marginal amounts of neutral scat-
tering), Si: As 1, Si: As 2, Si; As 8, and Si: Sb l.

Two conclusions can be drawn by comparing
these figures. First, a general pattern of increas-
ing mobility up to about 50 K is seen, followed by
a decrease from 50 to 100 K. Second, the average
mobility for the arsenic-doped samples was sub-
stantially larger than that of either phosphorus-
or antimony-doped samples. These conclusions
will be discussed in Sec. IVE.
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FIG. 8. Relative error for Si:P 6, with model III.
Values of the parameters are listed in Table IV.
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FIG. 9. Hall factor, as measured at 600 and 20000 G
for Si: P 6. Data taken with 20 000 6 were not in the
low-field limit below about 150 K. Calculated curves of
the Hall factor are model 1(a) shown as dashed line, model
1(b) shown as dash-dot line, model III shown as solid
line. Parameters used for the calculation are given in
Tables III and IV.

no iterative procedure was necessary to determine
Hall-factor corrections, since our data were taken
in the high-field limit. This independence of the
carrier-concentration analysis with respect to the
mobility analysis has allowed the two methods to
be compared, rather than seeking a self-consjstent
fusion of the analysis as done by Long and Myers.

All of the samples were analyzed with an activa-
tion energy which was assumed to be independent
of doping concentration and temperature. This ap-
proximation is valid at low temperatures for lightly
doped samples without a large number of compen-
sating acceptors. For more heavily doped samples,
approaching the exhaustion region will appreciably
lower the activation energy, although it should be
noted that the dependence of carrier concentration
on activation energy in this region is not strong.
Early measurements by Pearson and Bardeen4' and
more recently by Penin et al. 4 have been analyzed,

IP~ I I I IIII I I I I I IIII I I
4 6 8 lp 20 40 6080IOO 200 400

TEMPERATURE (K)

following Debye and Conwell ' with the activation
energy assumed to be related to the total ionized
impurity concentration Ni = 2K, +n as

E,= E~(0) —aN ~~, (18)

where e was determined by Penin et aL. to be 3.6
x 10 8 eV cm, giving an activation energy of zero
for phosphorus impurities at a concentration of
2x10 cm . E we use this value of o. to compute
the lowering of the activation energy in the freeze-
out region for our purest samples, Si: P 5 and

Si: P 6, with about 8&&10' cm 3 acceptors, we find
a calculated shift of nearly 1 meV. If we add this
to the values of E„determined in Table I for these
samples, we find E,(0) to be about 46. 3 meV.
Since this is larger than the optical a,ctivation en-
ergies found by Aggarwal and Rarndas ~ in accor-
dance with the recent theory of Faulkner ' (45. 53
meV), there is some doubt as to the validity of
Eq. (18) at these low concentrations. Penin ef al.
also give an expression for the variation of E„with
the principal dopant density, and this gives negli-
gible reduction in activation energy for these
lightly doped samples, since it involves a term
proportional to e "~ ', where r„ is the average
spacing between donors, namely, r~= (3/4'~)
and a* is the effective Bohr radius. Another ap-
proach, taken by Neumark, ~ basically involves
the effect of screening by impurities on the activa-
tion energy. This depends only on the ionized-

FIG. 10. Experimental data points and calculated
mobility curve for Si:P 6. Experimental data include
photo-Hall measurements (solid circles) below 20Kwhich
were not included in the fitting procedures. Deviation
between the data and calculation below 10 K occurs be-
cause the photoexcited carriers are no longer able to
completely thermalize at the lowest temperatures. Pa-
rameters from Table III are used for the calculation.
Figure 8 shows the details of the difference between cal-
culation and data above 20 K.
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TABLE V. Comparison of the compensation densities fit from bvo different
formulas for ionized-impurity scattering, as given by Brooks, Herring, and
Dingle (BHD) and by Samoilovich et al. (SKDI).

Sample

Si. P 3

Si: P 4

Si. P 5

Si ~ P 6

Si-As 2

N, from
carrier-conc.
analysis (cm )

2.3xlQ

2.0 x 10'4

8.6x10

7.7x10

4.3xl0

N, from
mobility
analysis

(cm )

1.49x10"
1.53 x10"
1.55x10
2. 04 x 1013

1.43 x 1Q14

l.46 x 10'4
1.49 x 1Q14

1.93x10

6.97x10
8.40x 10"

2

7. 56 x10"
2.52x 10
3.02x1013
5.20x10"

BHD
BHD
BHD
SKDI

BHD
BHD
BHD
SKDI

BHD
SKDI

BHD
SKDI

BHD
SKDI
SKDI

1.6L
QL

2 4L

1.6
1.6L

QL

2.4'
1.6'

QL

1.6
QL

1.6
5.3
5.3L

31

l.12
1.12
l.12
1.12

l.12
1.12
1.12
l.13

1.00
l.00'

1.00'
1.00

l.04
l. 01
0.95

Stand.
dev.
of fit
(10-')

1.5
1.5
1.5
1.1
0.5
0.5
0.5
0.7

0. 5
0.5

0.7
0.9

1.2
1.9
1.0

Value fixed.

impurity concentrations, to first order, and gives
a reduction in the activation energy of approxi-
mately 0. 3 meV at 30 K for phosphorus impurities
with sample concentrations representative of
Si: P 5 and Si: P 6. Even this modest decrease
in activation energy is sufficient to imply a value
of E~(0) greater than the optical results, although
the discrepancy is certainly small. In spite of
the uncertain nature of these calculations, we com-
pare in Table VII the value of E~(0) calculated
from Eq. (18) and from the expression given by
Neumark, 4 namely,

2 1/2 N It' N t
1/2

E(0) ' '
~ zk T ~ N&

= 1.00-1.Sls*~

+ 0. 31m+a) '
(

1 — ', (19)I|'k T I N„

where we have assumed that n «N, over the tem-
perature range for which the computer fit of E,
is established most critically, and that the im-
purity ions are not mobile; i.e. , T -~ in Eq.
(13) of Ref. 46. Equation (19) was evaluated at
30 K, a temperature characteristic of the expo-
nential freeze-out region measured. As can be
seen from the comparison of the two results, both
give reasonably consistent values among the sev-
eral samples of phosphorus- and arsenic-doped
crystals, although the two theories disagree by
about 0. 5 meV. In all cases, the theory of Neu-
mark gives results closer to the optical activation
energy. We are necessarily reluctant to conclude
much more than this, since a mea. ningful test of
this problem would require more heavily doped and
some heavily compensated samples, which we have
not measured.

TABLE VI. Results of fitting the mobility for samples having significant
amounts for neutral-impurity scattering using the Erginsoy formula [Eq. (8)].

Sample

Si:P1
Si- As 1
Si:As 2

Si:As 3

Si:Sb 1

N~
(cm )

4.1x1012

6.0x10'2
4. 3x10

Q13

5.3x10'

1,6

5.9
11.7
6.2

1.5

1.00

1.04
0.96
0.74

Stand. dev.
of fit
(10 2)

3.1
1.1
2. 9

5.0

Compensation
ratio NJNz~

0.00044

0.00043
0. 0055
0.00024

0.00072

*Values fixed. "Nz and N, from Table I.
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FIG. 11. Temperature dependence of the neutral-im-
purity scattering mobility for Si:P 1 (normalized to unit
density of neutral impurities) shown as solid circles,
as calculated from Eq. (17). Solid curve shown for the
same procedure, but with the measured mobility replaced
by the mobility calculated with Erginsoy's formula,
with A=1.6 and 6=1.O. Other values of 6 are also shown

as dashed lines.

In the two cases in which we allowed N, to vary
in fitting Si: P 5 and Si: P 6, the results agree
very well with the calculated values. This is not

unexpected, but is a satisfying check on our pro-
cedure.

S. Mobility Analysis: General

With the exception of neutral-impurity scatter-
ing in n-type silicon samples, we have shown that

the general procedure outlined by Herring and

Vogt' can he made to give very accurate results. 4'

With a more suitable expression for neutral-im-
purity scattering, it is expected that the mobility
can be calculated to within a few percent between

FIG. 13. Same as Fig. 11, for Si: As 1, with calculat-
ed curves for A=5. 0.

20 and 300 K for doping levels less than 10' —10'
cm '. In addition, the Hall factor can also be cal-
culated to about this same level of accuracy. Con-
versely, the accuracy of the mobility formulation
permits us to determine the compensation density
if the strength of the ionized-impurity scattering
is at least comparable to that produced by neutral
impurities. This may be especially useful if un-
compensated impurities of two types are present;
e. g. , N~~~~, N~, &, &N where the assump-
tion of an equation of the form of Eq. (2) would

give ambiguous results. The usefulness of such
an alternate approach has been demonstrated by
an analysis of impurities in p-type germanium. ' ' '

C. Lattice Scattering

It is of interest to first review the present un-

derstanding of this subject, as regards the various
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FIG. 12. Same as Fig. 11, for Si:P 5.
FIG. 14. Same as Fig. 11, for Si:As 2, with calculat-

ed curves for A=5. 0.
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FIG. 15. Same as Fig. 11, for Si:As 3, with calculat-
ed curves for A=5. 0.

types of intervalley scattering, and the basis upon
which several views have been adopted. Informa-
tion on this subject has been sought in a number of
ways; by theory, calculating the allowed intervalley
transitions, and in principle, the matrix elements
for these transitions; from experimental observa-
tions, including optical phenomena such as photo-
conductivity spectrum, hot electron effects in
which intervalley transitions are important in
balancing energy gained from the electric field,
and, as in our present case, from Ohmic mobility
or other transport phenomena.

The allowed transitions for intervalley scatter-
ing have recently been agreed upon by the princi-
pal authors who have concerned themselves with
these calculations. As summarized by Streitwolf, '
and agreed upon by Lax and Bix'man, "the allowed
electron one-phonon selection rules permit LOg-
type transitions (at 0. 34X), and LA TO f-type
transitions (at S on the phonon Brillouin zone face).
The characteristic temperatures and energies of
these phonons are LO (720 K, 62 meV), LA(560 K,
48 meV), and TO (680 K, 59 meV). lt is to be
noted that in this respect, no low-energy phonons
are possible. An earlier misunderstanding con-
cerning the selection rules had indicated that g-type
LA phonons would be allowed, such phonons having

energy 21 meV (240 K). Also specifically forbid-
den are f-type TA phonon transitions. In view of

recent work in InSb and Ge, ' ~ however, it is
important to keep in mind that although TA f-type
and LA g-type transitions are forbidden when con-
sidering a one-phonon collision, such restrictions
may not apply when other processes are considered.
Recent evidence of two-phonon Raman spectral
lines in silicon, ' involving TO and TA phonons,
has shown that multiphonon processes are probably

very important. The experimental data onSi: P 6
are presently being reanalyzed with two-phonon
terms included.

The experimental analysis of intervalley scatter-
ing began in 1960 and immediately established two

opposing schools of thought. Dumke, analyzing
the radiative recombination data of Haynes et al. ,

'
found contributions from 23-meV phonons (pre-
sumed to be g-type at 0. 36X) and 46-meV pho-
nons ( f typ-e LA at S) which he assumed were
due to intervalley scattering. Evaluating the matrix
elements he found g-type scattering to dominate
over f type by a factor of 2. 5 to 1 at room tempera-
ture. The opposite conclusion was simultaneously
reached by Long7 from his analysis of mobility. Long
found the higher-temperature phonon, in this case 54
meV (an average of TO, LO, and LA f type), to be
dominant in the scattering of electrons, compared
to a representative low-temperature phonon of
16 meV. In this case, with Long's coupling con-
stants, f ty pe scat-tering (high-temperature pho-
nons) dominates g type at room temperature by a
ratio of more than 5 to 1, although the contribution
due to acoustic mode intravalley scattering is as-
sumed to be more important in Long's analysis
than in Dumke's. '~ This interesting controversy
was then taken up by Aubrey et al. using piezore-
sistance and piezo-Hall effect data. Their work
supported Long, in that the room-temperature
ratio of zero to saturation resistivity could be cal-
culated more accurately with the coupling constants
determined by Long.

Asche et a/. introduced a new twist into this
situation on the basis of hot electron experiments.
From their data they claim to have shown that g-
type scattering is dominant over f type, but assume
that g-type scattering can occur with both high-
and low-temperature phonons. Thus, using a high-
temperature phonon of 62 meV, they fit their data
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FIG. 16. Same as Fig. 11, for Si:Sb 1, with calculat-
ed curves for A=1.3.
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TABLE VII. Gomparison of calculated activation energies, in the limit
of vanishing impurity concentration, for two theories, Penin et aE. (Ref. 42)
and Neumark (Ref. 47).

Sample

Si: P 1
Si: P 3
Si: P 4
Si P5
Si. P 5

Si:As 1
Si ~ As 2
Si:As 3

Si Sb 1

Ez from
expt.
(mev)

45. 64
45. 14
43.39
45. 38
45.42

53.64
52. 54
52. 52

42. 59

Penin et al.
Ez(0) from

Eq. (18) (meV)

46. 37
46.43
46. 04
46.31
46.32

54.46
54. 13
53.71

43.38

Neum ark
Ez(0) from

Eq. (19) (meV)

45. 90
45.72
44. 95
45.75
45.74

54. 01
53.51
53.14

42. 86

Optical value
of E,(0) (meV)

45. 53

53.73'

42.73

Value taken from Aggarwal and Ramdas (Ref. 44), but with corrected
value of the activation energy of the 3P~ state as calculated by Faulkner (Ref.
45).

with a coupling constant for this phonon of 3.0,
and chose the low-temperature phonon coupling
constant an order of magnitude smaller. This re-
sult is not particular1y inconsistent with Long, in
that mobility data cannot distinguish an f-type from
a g-type process, but is contrary to Dumke, since
the high-temperature phonon was found to dominate
over the low-temperature one.

A reanalysis of radiative recombination data. as
measured by Dean et al. ' was made by Folland.
His initial result reported in 1968 gave further sup-
port to the contention of Long that the higher-tem-
perature intervalley phonon processes were domi-
nant. In this case, Folland found coupling con-
stant values for three modes; 0.44 for a 23-meV
phonon, 0. 06 for a 46-meV phonon, and 1.5 for a
62-meV phonon. A more refined result, given in
1970 by Folland, 3 gave slightly larger contribu-
tions of the low-temperature phonon, now estimated
to be 25 meV. Use of these refined coupling con-
stants made it possible to reproduce the mobility
data to an accuracy of about SVp between 100 and
300 K. An important consideration in attempting
to understand this work is that Folland used selec-
tion rules permitting g-type LA phonons (25 meV
at 0.40X). This was based on the earlier results
of Lax and Hopfield, and shown to be incorrect
by Streitwolf. However, further evidence for a
transition involving phonons of about this same
energy was reported by Onton in 1969.

The experiments of Onton were based on a pre-
diction by Stocker s that intervalley scattering
transitions would be evident in the spectral re-
sponse of extrinsic photoconductivity. Stocker
predicted dips in the photocurrent, corresponding
to intervalley transitions from states high in the
conduction band of one valley to the bottom of the

band in another valley. Since the carrier lifetime
is much shorter for carriers near the bottom of
the band, such transitions should reduce the photo-
current. Onton found such dips corresponding to
energy transitions of 27 and 47 meV as analyzed
by Stocker's model. The magnitude of the dip wa, s
assumed to be indicative of the phonon coupling
strength, and roughly equal amounts of g-type (27
meV) and f-type (47 meV) scattering were pre-
dicted from the data.

Computations of hot electron effects were made
by numerous authors around this same time. In
certain cases, the coupling constants of Long were
adopted (JPrgensen and Meyer, Kawamura, ,

6'

Jgfrgensen, Basu and Nag, Holm-Kennedy and
Champlin, ' Glushkov and Markin"), while in other
cases the coupling constant of Dumke and Onton
were used (Costato and Scavo, Costato and Reg-
giani, 7' Costato, Fontanesi, and Reggiani~'). As
already mentioned, the conclusions of Asche et al. 0

and also those of Heinrich and Kriechbaum, did
not particularly support either view. We are not
prepared to evaluate the validity of any of these
calculations, which have at times concluded that
g-type scattering was dominant while other workers
found f-type scattering more important. Since the
experimental measurement of hot electron effects
can preferentially heat or cool certain valleys by
the choice of electric field orientation and therefore
provide information which ought to distinguish g-
type and f-type scattering modes, the disagreement
in the interpretation of this data is probably due
to the extremely difficult nature of the calculations,
in which various approximations regarding the
carrier distribution function are typically involved.
This subject has been reviewed recently by Con-
well. '6
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Basu and Nag reviewed the various coupling
constant results to see how each predicted the
mobility, Hall factor, magnetoresistance coeffi-
cient and piezoresistance. Within limits, each
model gave a fair fit to the mobility data, but only
Long's model was found satisfactory in describing
the other measurements. In a following paper, in-
frared free-carrier absorption data were similar-
ly analyzed by Basu and Nag, and again Long's
model gave the closest fit to the data.

Photoresponse measurements made by Nishino
and Hamakawa near the indirect gap gave values
of the TA- and TO-phonon energies, but no struc-
ture due to either LA or LO phonons was observed.
The absence of LO modes could support the weak-
ness of g-type scattering, if these data can be con-
sidered representative of free-electron intervalley
scattering.

Photoconductivity measurements, similar to On-
ton's have since been reported by two independent

groups. The first of these, by Godik and Mirgo-
rodskii, found no evidence of the 27-meV phonon

reported by Onton, Dumke, and Folland. They
found very slight interaction with TA (f type) and
LA (also f type) phonons, but strong interactions
with a phonon near 60 meV, LO or TO, which
could not be distinguished with their resolution.
The second group, Guichar et al. , ' found evidence
of the 27-meV phonon. Their measurements were
made only in the spectral region beyond 15 p, m,
so that no measurement of higher-energy modes
could be deduced.

The problem of interpreting all of this work in
a satisfactory way is clearly difficult, since it
would appear that similar measurements in many
instances are interpreted with opposite conclu-
sions, and that any argument proposing to include
phonons of low temperature is at variance with the
calculated selection rules. The concluding re-
marks of many of these same papers have perhaps
prematurely announced the resolution of this prob-
lem, so that we will attempt here only to suggest
a few ideas which can be further digested into this
continuing discussion.

We would like to begin by noting that the experi-
mental samples measured by Onton' and by
Guichar et al. ~ may differ importantly from those
used by Godik and Mirgorodskii. ~ These latter
authors used moderately doped (N~ & 1 && 10'~ cm 3),

but substantially compensated samples (N, &1X10'4

cm '). While the samples of Onton appear to be
in the range of 1-2X10'6 cm ', and those of Guichar
et al. somewhat higher, in neither case was the
compensation density given. Measurements of the
oscillatory photoconductivity reported for P-type
germanium samples have shown that substantial
compensation densities are necessary for the ob-
servation of the effect predicted by Stocker.

Since the spectrum of dips reported by Godik and

Mirgorodskii are much more prominent than either
Onton's or those of Guichar et al. , it is very likely
that the samples of these latter authors have only
small amounts of compensating acceptors. In
this case, the carrier lifetime may be comparable
to or longer than the thermalization time, and the
dips predicted by Stocker cannot be expected. On

the other hand, these dips can be explained on the
basis of a somewhat different model. In the work
of Lax+ on electron-impurity recombination, the
probability of electron capture with the emission
of an optical phonon is considered. This could
take place between conduction states and any of
the bound donor states, in principle, although cer-
tain selection rules may also apply to this process.
As one possible transition, recombination to the
IS(T,) or 18(E) states lying approximately 32 meV
below the conduction-band edge could occur via an

optical phonon with energy of about 59 meV. Such
a process could explain a dip in the photoconduc-
tivity at E~+27 meV. If similar transitions occur
directly to the ground state, a dip should be evi-
dent at a photon energy of 59 meV in all spectra.
Only Guichar et al. have clear spectra in that re-
gion, and the dip they observe at 59.4 meV is in-
terpreted by them as a TO phonon emitted in the
presence of an impurity. A high density of excited
states exists from about 12 meV below, up to the
bottom of the conduction band, and recombination
via TO-phonon emission into these states would be
predicted between E~+47 and E„+59 meV. Dips
may be seen in the region closer to E„+47 meV,
since the excited states are not too closely spaced
in this region, but near E„+59meV, the effect
would be quasicontinuous, and probably not re-
solvable.

It is natural to ask how the above explanation
will vary with compensation, if we are to under-
stand the different results of Onton, Guichar et
al. , and Godik and Mirgorodskii. Compensation
will be important if the process is viewed as taking
place with photoexcitation at one impurity center,
followed by transport to and recombination at
another impurity center. This type of process
will require a substantial amount of compensation,
since the free carrier must find an ionized donor
before substantial energy is lost to competing
mechanisms such as acoustic phonon emission.

Hence, the conditions are similar to those of
Stocker's model. On the other hand, the possibility
of this all taking place at a single impurity site
will explain why it would be observed in uncompen-
sated samples, and therefore may resolve the
problem of understanding the experimental results
of Onton and Guichar et al. We have reanalyzed
the experiments of Onton in Table VIII, on the
basis of this alternative explanation. As shown,
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TABLE VIII. Analysis of the photoconductivity data taken by anton (Ref. 35)
based on a proposed model in vrhich a photon of energy hv is absorbed at an
impurity site, leaving the impurity in an excited state, accompanied by the emis-
sion of an intervalley phonon of energy Ku. The impurity is assumed to be ori-
ginally in the 1$ (A~) ground state.

Sample

Sb
P
As

dip A
hv

(meV)

69.4
71.5
80.1

1S (T,)
Fco

(meV)

59.9
59.9
59.0

as (E)
I'co

(meV)

57.3
58.6
57.6

dip B
hv

(meV)

89.6
92.0

100.9

2Pp
S(d

(meV)

58.3
57.9
58. 6

dip C
hv

(meV)

94.7
97. 5

106.5

2P~
@co

(meV)

58. 5
58.4
59.1

Impurity transition energies

Sb
P
As

lS (Tg)

9.55'
11.62
21.09

1$ (E)

12.14
12.95
22. 50

2Pp

31.26b

34. 12
42. 26b

2P»

36.20
39.14
47.36

Reference 44, Table IV.
Reference 44, Figs, 3 and 4.

'Reference 83, Fig. l.

Reference 44, Tables II,
III, and IV.

by the appropriate choice of excited-state transi-
tions, all the observed dips in photoconductivity
can be explained in terms of a phonon of about 58
meV. Our choice of transitions was based on the
work of Dean et al. ' in analyzing recombination
radiation effects in which an exciton decays in the
presence of an impurity, leaving the impurity in
an excited state. To summarize, we propose that
optical absorption can occur at an impurity site,
with the emission of an optical phonon and the si-
multaneous excitation of the impurity to an excited
state.

If the photoconductivity experiments can be re-
conciled in view of the above comments, a prob-
lem yet remains in the analysis of radiative re-
combination data made by Dumke and Folland.
Their analysis has implied intervalley phonons of
energy near 23 meV, in contrast to the 27-meV
phonons claimed by Onton and Guichar et al. If
the conduction-band minimum is located at 0.83X,
then the intervalley g-type transitions will occur
at 0. 34X. The LA-phonon branch at this point
gives an energy of 21 meV. This is substantially
less than the energies found by Onton and Guichar
et al. , but clearly not as far from the value of 23
meV found from the recombination radiation data.
Since the LA-phonon dispersion is large in this
region, it is possible that recombination radiation
is taking place with an LA g-type phonon, but it
is unlikely that the precision involved in both ex-
periments can reconcile the 3-4 meV difference
in the determination of this phonon energy. It is
not entirely clear to us how the recombination
radiation analysis should be modified. If the free-
electron approximation is considered together with
the selection rules, then LA g-type intervalley

phonons cannot initiate the recombination process,
but perhaps can terminate it without violation.

The remaining problem in all this work is the
apparent presence of TA f-type scattering, as
found by Long and in this investigation from mo-
bility analysis, and considered important by Holm-
Kennedy and Champlinv in explaining warm car-
rier experiments. TA f-type scattering is for-
bidden by the selection rules, but nevertheless
seems to be present in weak amounts. Even these
relatively weakly coupled modes are found im-
portant for a complete explanation of experimental
data; as was shown in Sec. III B. The most amus-
ing statement that could be made to interpret these
results is that time reversal symmetry is broken
in silicon, since it is this condition which forbids
the TA process. ' More reasonable approaches
could be pursued along the lines of two-phonon
scattering to resolve this issue. The negligible
amounts of LA f type scatte-ring found in our work,
but not expressly forbidden by the selection rules,
also remains to be explained.

For comparison and reference, we list in Table
IX the calculated values of lattice mobility between
10 and 500 K, using lattice parameters as analyzed
from sample Si: P 6 with model III as listed in Ta-
ble IV. Also shown are the results of Long, as
calculated from his parameters. Surprisingly, the
mobility values are quite different at low tempera-
tures (18% at 20 K). This may be due to a com-
bination of systematic errors encountered by Long
in correcting for the Hall factor, and the use of
an isotropic scattering formulation of ionized-im-
purity scattering based on the Brooks, Herring,
and Dingle equations, which overestimates the
strength of this type of scattering.
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TABLE lX. Calculated lattice mobility using parameters
determined from Si: P 6, model III, and listed in Table
IV. Also shown for comparison is the result of Long
(Ref. 73.

Temperature (K)

10
20
30
40
60
77. 5

100
130
160
200
250
300
350
400
500

m /V sec)
ng's result

6.74x10
2.38 x10
1.29x10
8.23 x10
4, 27x10
2.77x10
l.75x 10
l.03x 10
6.46x10
3.81x10
2. 26x10
1.47 x10
1.06x10
7.82x10
5.07x10

Lattice mobility (c
This result Lo

5.68 x10
2. Ol x10
1.09x10
7.Ol x10
3.72x10
2.46x10
1.59x10
9.66x10'
6.19x10
3.73x10
2.18x10
1.43x10
1.01x10
7.48x10
4.79x10

Long's results have been calculated for phonon tempera-
tures of 630 and 190 K with coupling constants of 2. 0

and 0.15, respectively. A value of 7'0=4. 31x10 sec
was used to give Long's result at 300 K (Ref. 7).

D. Ionized-Impurity Scattering

It is difficult to compare the results of Long and

Myers' with this present analysis, since they
assumed isotropic scattering by ionized impurities,
and we have not assumed this to be the case. How-

ever, we did find in comparing the theory of Brooks,
Herring, and Dingle with that of Samoilovich et al.
that the former overestimated the strength of
ionized-impurity scattering when it was substituted
into the prescription given by Herring and Vogt.
This is why a larger value of coupling constant for
low-temperature intervalley phonon scattering is
obtained in model II, Table II, when N, is fixed
rather than varied. Extra intervalley scattering
was preferred in this case, since the relative mo-
bility at low temperatures was enhanced, in part
compensating for the overestimate of ionized-im-
purity scattering. The values of w, found under
these circumstances are nearly identical to the
value determined by Long, and in this respect our
conclusion that m3 shou1d be about half the value
found by Long can be understood.

A handicap of our work is that more heavily-
doped heavily-compensated samples were not mea-
sured, so that a test of ionized-impurity scatter-
ing could not be made under conditions where this
type of scattering dominated the mobility. Keeping
in mind the restrictions imposed by remaining in

the high-magnetic-field limit, so that Hall-factor
corrections are unnecessary, it should be possible
to measure somewhat more heavily-doped sam-

ples in this same way.
Rode has lately criticized the use of the spheri-

cal band approximation for calculating ionized-
impurity scattering in germanium and silicon. We
believe the failure of his calculation to describe
accurately the mobi1ity of electrons at 300 K for
"free carrier concentrations" between 10' and 10'
cm ' is more complicated than a simple inadequacy
of ionized-impurity scattering, whatever the for-
mulation. Redfield and Afromowitz~ have recent-
ly shown that the screening approximations are
invalid in the temperature region and impurity
concentration region calculated by Rode. More
important, we feel, is the questionable association
of free-carrier concentration with impurity con-
centration and the omission of neutral-impurity
scattering. For silicon impurities, even assuming
a concentration-dependent activation energy, we
find that far from all the impurities are ionized
at 300 K. For a value of n given by Penin et al.
and a concentration of phosphorus impurities of
3&&10"cm ', we find 33% are un-ionized at 300 K.
With Erginsoy's formula, and A= 1, we find the
neutral scattering strength is nearly twice that of
ionized impurities at 300 K. Extending our cal-
culations to higher concentrations of N„we can
achieve a result exactly opposite to that of Rode,
in that the mobility we calculate for zero compen-
sation is less than indicated by experiment. From
this it is clear that a very careful treatment, in-
cluding the possibility of revising the screening
formulas, inc1uding neutral scattering, and taking
into account not only the temperature dependence
of the impurity activation energy, but the eventual
formation of an impurity band and. the need for de-
generate statistics, is required to make reliable
calculations in this heavily doped region.

To emphasize the above point, we have plotted
in Fig. 17 the calculated mobility between donor
concentrations of 10'3 and 10' cm 3, with A = 1.0,
and the carrier concentration evaluated with an
activation energy dependent upon Nz as in Eg. (18).
Also shown are the partial mobi1ities, p, & and p, N

for ionized and neutral scattering. As can be seen,
at the highest concentration of donors, neutral
rather than ionized scattering is dominant. Whether
this is true in reality is not clear, since at 300 K
the partial-wave theory is probably not accurate
in calculating the strength of neutral scattering.
Nevertheless, the mobility calculated by this
assumption is in good agreement with the drift
mobility as summarized by Sze and Irvin near
concentrations of 10"cm . To complete this
comparison, we graph the calculated values of
resistivity as a function of donor concentration in

Fig. 18, along with the curve given by Irvin. Also
shown are the va1ues of resistivity for the samples
measured in this investigation. Figure 19 shows
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FIG. 17. Electron mobility in n-type silicon as a func-
tion of donor concentration at 300 K, as calculated from
the equations presented in the text. Also shown are the
partial mobilities for ionized (dashed line) and neutral
(dash-dot line) impurity scattering.

the Hall factor calculated as a function of donor
concentration. The values calculated for this
comparison are listed in Table X.
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FIG. 18. Calculated resistivity values shown as tri-
angles, compared with the curve of Irvin (Ref. 19) as a
function of donor concentration at 300 K. Labeled points
show the experimentally determined values from sam-
ples measured in this work, circles; while the additional
square data points for Si:P 3 and Si: P 4 give the resis-
tivity as corrected by the factor 6, given in Table V.
Accurate geometry corrections could not be made for
the more heavily doped samples studied, since neutral-
impurity scattering was important, but not well character-
ized by theory.

E. Neutral-Impurity Scattering

The most serious discrepancy between experi-
ment and present theory is evident in the measure-
ments of neutral-impurity scattering. A part of
this problem can be resolved in the theory given
by Sclar, which included the possibility of bound
states in the electron-hydrogenic impurity scatter-
ing problem. This was originally suggested by
Ansel'm, '

by noting that hydrogen can have a
bound state for two electrons. ~ Sclar's calculation
of this effect gives a mobility which varies as T'
for k'T above the binding energy of this two-elec-
tron bound state. The data presented in Figs.
11—16 show such a dependence up to 50 K. If
values appropriate for silicon are substituted into
the expression given by Sclar, the result is not in
very good agreement with the data, although the
qualitative features are observed. A comparison
of Erginsoy's expression and that given by Sclar
is shown in Fig. 20. Data from Si:Sb 1 have
been included for reference. Examination of the
formula given by Sclar shows that more quantita-
tive agreement would be found for a weaker binding
energy of the second electron at the impurity cen-
ter. This conclusion is in conflict with the de-
termination of the binding energy of such centers,
as measured by Dean et al. ' and by Gershenzon
et al. , but in agreement with recent work by
Thornton and Honig. We have also plotted the
curve for a choice of 3E„, where E~ is the binding
energy of the second electron at the impurity cen-
ter, as pred;cted by the hydrogenic scaling model.
Whether fitting the value of E~ to the measured
mobility data to determine this quantity, as sug-
gested by Sclar, gives a reasonable estimate is
open to question, considering the difference in
this binding energy determined by other methods.
It is also possible that a careful reexamination of
the model will give better results, but the con-
clusion of this must await such calculations. It
is encouraging to see that the general increase
in neutral mobility up to 50 K can be accounted
for by such a model. Much more recent calcula-
tions of neutral-impurity scattering at low tem-
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TABLE X. Calculated carrier concentration and transport properties as a function
of donor density at 300 K.

Donor
density
(cm-')

1xlp"
3xlp"
1 x 10
3 xlp'4
1xlp"
2xlp
5 x 10~5

1 x 10'
2 x lp'6
3 xlp"
5xlp 6

1x lpiz
3 x lp"
5 xlp
1x 1018

Carrier~
conc.

(cm )

9.99xlp"
2. 99x10"
g. gg x 10"
2.99 x 10~4

9.94x 10
1.98 x 105
4.89x 10
9 6lxlp
1.86xlp
2.72 x 10"
4.35xlp
8.01xlp
2.Opx lp~z

3.Opx 10
5.12xlp

Mobility
(cm /V sec)

1.43 x103
1,43x 10
1.43 x 10
1.42xlp'
1,4px 10
1.38 x 10
1,34x103
l.29x 10
1.22x 10
1.17x lp
1,09x 10
9, 51xlp
6.67xlp
5.21x lp
3.41x 10

Resistivity
(0 cm)

4.38xlp
1.46 x 10
4.39xlp
l.47 x 10
4.49 x 10
2. 28 x 10
9.54 x 10"
5.05xlp '
2.75xlp
1.97 x lp-'
1.32x 10
8.21xlp '
4, 69xlp
4. Opxlp
3.58 xlp

Hall
factor

1.15
1.15
l.15
1.15
1.14
1.13
1.11
1.09
l. 08
l. 07
1.05
1.03
1.00
0.98
0.98

Partial mobilities
(cm /V sec)

I"I

3.69x 10 4.79x 10
1.37xlp 6.64xlp
4.49 x 10 6.53 x 10
1.64 x 10 7.45 x 10
5.48 x 10 7.83 x 10'
2.95x 10 2. 05xlp'
1.32x 10' 3.58 x lp'
7. 29x 10 9.85x 10
4.12x 104 2.82 x 10'
2. 99x104 1.39x 10
2. 03xlp 5.85xlp
1.24xlp 1.92xlp
6.14x 10 3.8 2 x 10
4.59x 10 1.91x10
3.18 x 10 7.86 x 10

'Carrier concentration is calculated with a ground-state activation energy according
to Eq. (18), with 0. =3.6xlp eVcm. The structures of 1$ (T~) and 1$ (E) states, and
the excited states given in Eqs. (2) and (3), are assumed to move towards or even into
the conduction band, keeping the same spacing relative to the 1$ C4q) ground state. An itera-
tive procedure is used, with Ez chosen intially as 45.4 meV. The value of n deter-
mined from this assumption is substituted into Eq. (18) to give a new value of Ez, and

the procedure is repeated unitl n changes by less than one part in 10 .
"These values of pI are determined from the relaxation times given by Samoliovich

et al. (Befs. 4-6) given in Eqs. (12)-(15), and are used to calculate the mobility ana-
lytically in this case with the usual approximation that the logarithmic term and the terms

gp andg& are taken outside the integral and evaluated atm = 3.
'The neutral-impurity mobility values are calculated from Erginsoy (Ref. 8) with

A= l. Thus, p~ = 3.8 x 10 /Hjy cm /Vsec. We chose a value of unity for A so that the
data would coincide exactly with the Erginsoy equation, although at 300 K, the approxi-
mation used by Erginsoy is no longer valid. An alternate expression, given by Sclar.
(Ref. 9) using the Born approximation, gives pg= 3..5x 10 /NN cm /V sec at 300 K.
Neither approximation is valid, however, since I ka l

—1 for silicon at 300 K. The
Born approximation, and our experimental data near 100 K, indicate that perhaps
even larger neutral-impurity scattering contributions may occur than are indicated
above.

peratures have been announced by Blagosklonskaya
et al. ~~ They find a decrease in the mobility at
low temperatures, but a temperature- independent

mobility at higher temperatures. Such a dependence
is not supported by our data. Since both the cal-
culations of Sclar and Blagosklonskaya et al. take
resonant scattering into account, it is not apparent
why different dependencies of temperature exist
in their results.

In all samples we have seen a noticeable decrease
in the neutral-impurity mobility for temperatures
above 50 K, as seen in Figs. 11-16. A natural
explanation of this can be found if one considers
inelastic collisions between electrons and neutral
donors. Such collisions can result in energy trans-
fer to the donor impurity, leaving it in an excited
state or even ionized. The minimum carrier en-

ergy for which this can occur is given by the split-
ting of the 1S states. Thus, for antimony and phos-

phorus, about 12 meV is required, while about
21 meV is needed for this transition in arsenic-
doped samples. Since the decrease observed be-
gins at about 50 K, for phosphorus and antimony

impurities the effect is accounted for with carriers
at about AT or more. For arsenic impurities,
the carriers would need to be at AT. Since, how-

ever, the mobility is larger in arsenic-doped
samples at 50 K, it could be argued that for this
impurity a smaller effect will be more noticeable
than in the phosphorus- and antimony-doped sam-
ples which have lower mobilities at the same tern-
perature. Another way in which the mobility can
be lowered at high temperatures is seen by also
considering the relative populations of neutral
donors in the 1S (A, ) state compared to higher-
energy 1S states (T, and E). Since the population

of these higher states will be significant above 50

K, it is expected that this will also lower the mo-
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FIG. 20. Comparison of neutral-impurity mobility
(for unit density) between Si:Sb 1 (Fig. 16) and the

theory of Sclar (Ref. 9), calculated for two choices of
the binding energy of the second electron at a donor im-
purity. The solid line shows Sclar's theory with the

binding energy of the second electron scaled from the
hydrogen-minus ion according to the effective-mass
approximation. The dashed line is calculated for a bind-

ing energy of 3 the value calculated from the effective-
mass formula. The temperature-independent theory of
Erginsoy (Ref. 8) is also shown for comparison as a
dash-dot line, with A equal to unity.

bility since the spatial size of the wave function of
such states will be larger than for the ground
state, and the expected scattering length will be
correspondingly greater.

The larger mobility values found for neutral
scattering by arsenic impurities in comparison to
antimony and phosphorus are not understood.
Considering the approximation involved in treating
neutral-impurity scattering by the zero-order
partial-wave method, one expects the scattering
cross section to vary with the square of the scat-
tering length, ' taken to be the effective-mass
Bohr radius in the theory of Erginsoy. Correcting
the Bohr radius by the quantum-defect method,
one expects the cross section to decrease as the
ratio of the effective-mass binding energy to the
observed impurity binding energy. This indicates
that Erginsoy's result should be multiplied by 1.4,
1. 5, and l. 8 to calculate the mobility for antimony,
phosphorus, and arsenic, respectively. This is

in fair agreement with the averaged computer-
fitted values found for A in Table VI, in the case of

antimony and phosphorus, but not in good agree-
ment for arsenic-doped samples. %'e cannot ex-
plain this result.

V. SUMMARY AND CONCLUSIONS

Carrier- concentration analysis and mobility
analysis have been shown to give excellent agree-
ment in determining the density of compensating
acceptor impurities in n-type silicon, when the

strength of neutral-impurity scattering was weak

to moderate by comparison. In contrast, neutral-
impurity scattering has been shown to be poorly
described by the present theory, except for the

general order-of-magnitude strength in the case of
neutral antimony and phosphorus impurities. The
density-of-states effective mass, when fit as a
parameter in the carrier-concentration analysis
of relatively pure samples, has been found to agree
well with the values calculated from the established
band structure.

A quantitative comparison of several lattice
scattering models, currently proposed in the

literature, has been made. In particular, we have

found that the intervalley scattering contributions
can be fitted to a model almost identical to that
proposed by Long. This required the inclusion
of weakly coupled modes which are forbidden by
the selection rules. Other model. s, based chiefly
on data from photoconductivity and radiative re-
combination data have been examined. Alternative
interpretations suggested for some of these data

may lead towards a greater concensus on the ques-
tion of intervalley scattering transitions.
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