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Ext1crncly uniform, micloscoplcRlly smooth, large-gI'Rlncd polycrystallinc Sl fllrns satUrat1on
doped with phosphorous to a carrier concentration n =3.3X 10 crn were prepared by a combina-
tion of low-pressure chem1cal-vapor-depos1tion and heat-treating processes to obtain samples su1t-
able for measuring the small effects of large impurity concentrations on the above-band-gap dielec-
tric properties of Si. From 1.5 to 2.5 eV, the effects of heavy doping are described by the Drude
free-carrier model with lifetimes determined by scattering from lattice vibrations. Above 3 eV, the
dielectric function spectrum of heavily doped Si is remarkably similar to that of undoped material
except that the El and E2 structures are broadened and shifted to lower energies. The impurity-
1nduccd broadcn1ng 1s much larger foI' El than foI' E2~ 1ndlcatlng that a mctastablc cxcltonlc I'cso-

nance is well developed for the former but not for the latter. Present and previous da.ta of the au-
thors, together with previous data of Vina and Cardona, are consistent with an approximately linear
shift of the threshold energy with impurity concentration. This indicates that the dominant Inecha-
n1sIQ I'csponslblc fo1 the shifts ls thc cffcct of thc random 1IQpuritlcs on thc cIystal potcnt1al. While
the possibility of electron-electron and electron-ion interactions on the electron and hole self-
energies cannot be ruled out, comparison with recent calculations of Berggren and Sernelius show
that these effects must be much smaller at higher interband transitions than at the fundamental in-
dir'ect band gap. Using our data as a I'eference, we show that the anomalous absorption observed by
Jellison and co-workers for As-implanted and laser-annealed c-Si is due to microscopically rough
surface layers on their samples. Consequently, the differences that they observe between P and As
dopants must involve differences in recrystallization and regrowth. Dielectric-function spectra for
amorphous Si films doped in situ with phosphorus are essentially identical within microstructural
effects to those of undoped material, indicating no significant influence from heavy doping. At en-

ergies below 3.2 eV, the data expressed as (o;nE)' 3 or as (e&)'~ both vary nearly linearly with ener-

gy, suggesting nondirect transitions between simple parabolic bands with momentum matrix ele-
ments linearly proportional to E or with dipole elements independent of E.

The increase of absorption and the appearance of struc-
ture due to plasma reson. anccs in the optical spectra of
semiconductors in the infrared are two consequences of
heavy doping that are well understood. ' In contrast,
much less is known about the effects of large densities of
free carriers and ionized impurities on energy band thresh-
olds and the dielectric properties of semiconductors at and
above the fundamental absorption edge. The subject has
received much recent experimental and theoretical atten-
tion both as a model many-body system and as a necessary
aspect of submicron-device technology. Experimental
work at the fundamental indirect gap of Si has been sum-
marized by Keyes, ' and the theoretical understanding of
thc heavy doping problem has bccIl d1scusscd by Bclggrcn
and Sernelius and by Selloni and Pantelides.

Accurate data describing the effects of heavy doping on
the dielectric response and band structure of semiconduct-
OIs above thc fundamental absorptloIl cdgc arc l1mitcd.
Here, large densities, of the order of 0. 1—1 at %or mo.re,
are necessary to produce observable effects. These im-
purity concentrations have traditionally been obtained by
bulk doping or by ion implantation followed by laser an-
nealing. But heavily doped bulk samples are difficult to
polish, and as we shall demonstrate, the dielectric

response data for ion-implanted and laser-annealed ma-
terial recently reported by several groups ' show unmis-
takable evidence of microscopic roughness. Microscopic
roughness, whether due to polishing or I'ecrystallization,
causes pseudo- (perceived or apparent) optical or dielectric
functions measured by reflectance or reflectance-
polarimetric techniques to differ from their true bulk
values. While these differences have only a minor effect
on critical-point threshold energies deduced from these
spectra, the effect on amplitudes and line shapes can be
pronounced. ' More seriously, if these effects are not
taken into account, incorrect conclusions about the phys-
ics of heavy doping can be drawn. The proper treatment
of microstructural artifacts is particularly important when
effects on the scale of perturbations are being investigated.

In this work we report accurate dielectric function spec-
tra e=e&+i@2 obtained from large-grain polycrystalline Si
(p-Si) films prepared from dense, extremely flat amor-
phous Si (a-Si) films deposited by recently developed
low-pressure chemical-vapor-deposition (I.PCVD) tech-
niques. " These a-Si films were simultaneously crystal-
lized and satu1ation doped with phosphorus by heat treat-
ing in a PBr3 atmosphere. This procedure is known to
produce exceedingly uniformly doped films that retain
their original surface flatness. In addition, we
dcvclopcd a novel self-conslstcnt tIansmission-reflection
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elhpsometric procedure to explicitly determine the param-
eters of the microscopically rough region and to correct
the e data over the 1.5- to 6.0-eV spectral range for its
p1cscncc. Us1Qg thcsc sample Rnd mcasurcmcnt tech-
nique, wc have been able to eliminate microstructural ar-
tifacts and thus to determine unambiguously the effects of
heavy doping on the dielectric properties of Si. Similar
procedures were used to obtain the optical properties of
a-Si, except that the films were doped in situ

The optical results for heavily doped p-Si are shown in
Fig. 1, whlcll coIIlparcs our pl'cvlollsly measured c spec-
trum' for lightly doped (n=2. 1&&10' cm ) single-
crystal silicon (c-Si) with that obtained here for the
saturation-doped polycrystalline material. As antic1pated,
the intrinsic effect of heavy doping on the above band-gap
dielectric response is indeed small and consequently diffi-
cult to measure accurately. For example, even on this spe-
cially prepared sample the microscopically rough surface
region accounts before correction for about —,

' of the ob-
served difference between ez spectra at the EI peak in cl
near 4.3 CV.

In the semitransparent region below 2.7 CV, free-carrier
effects appear mainly in ei. We show that they are accu-
1'ately dcscr1bcd by 'tile Drildc theory, which yields tllc
mean lifetime and volume density of free carriers. The
lifetime at room temperature is found to be consistent
with that calculated for phonon scattering. ' The optically
determined free-carrier density of n=3.3&(10 cm is
exactly equal to that ' determined by transport mea-
surements on similar saturation-doped films. Another
cons1stcncy check 1s obtained by comparing OUI' spcctI'0-
scopic ellipsometric results for undoped and heavily doped
material. We find that systematic errors cannot exceed
-0.02% for either set of data.

FIG. 1. Diclcctric I'csponse 6' of a P-doped large-grain
polysilicon film with n =3.3g 10 cm . Pscudodiclcctric func-
tion (e) from Ref. 15 of a lightly doped (n =2.1X10' cm ')
silicon crystal is also shmvn for comparison.

Above 3 CV, the major effects of heavy doping are a
broadening of the Ei and E2 structures and a shift of the
corresponding critical-point thresholds at 3.4 and 4.3 eV,
respect1vely, to lower energy. The Thomas-FerII screen-
ing length L TF =5 A 1s much less than thc CRlcu18tcd radii
of possible metastable excitonic resonances associated with
thcsc tlanslt10ns, wh1ch shows that these resonances
would be screened by the large density of free carriers.
The fact that only Ei is broadened appreciably shows that
a significant excitonic resonance can exist only at this
threshold. The overall similarity between the c spectra of
11ghtly an«I hcavlly doped material Rt other cncIg1cs shows
that the free-carrier screening has negligible influence at
gcncI'Rl po1nts 1n thc Brilloulll zone.

The shifts of the critical-point thresholds to lower ener-

gy in our present data, ouI previous results on As-
implantcd and lasc1-anncalcd material, an«I fcccnt spec-
troscopic ellipsometric (SE) measurements of Vina and
Cardona' are compared to the many-body calculations of
Berggren and Sernelius and to the Boltzmann formalism
of Allen and co-workers. l The dependence on impuri-
ty concentration when all data are considered is approxi-
mately linear, indicating that the predominant effect of
heavy dop1ng on these thfesholds 1s not exchange or corre-
lation but the influence of the randomly substituted im-
purity potentials on the unperturbed lattice. The effect
can be qualitatively described as a second-order correction
of the energy levels of the unperturbed crystal.
ElcctI'On-clcctI'on Rn«I scfcencd clcctron-10Q contributions
to the electron and hole self-energies can be eliminated as
major effects because the expected threshold dependences
of n and n, respectively, are not apparent from the
data. At the very least, the self-energy shifts must be sig-
nificantly less than those calculated for the fundamental
indirect edge. Because the formal expressions for these
self-energies are k dependent, there is of course no reason
to assume that the fundamental-edge values should be
valid everywhere in the zone. A specific calculation is
needed.

By providing accurate reference spectra, our results al-
low microstructural effects in previously reported data to
be identified. Our earlier data on comparably doped As-
implanted and laser-annealed samples show no measur-
able difference in the bulk dielectric response but show
that the samples were covered with a microscopically
rough surface layer 16 A thick. We also find that the

anomalous Rbsorpt10Q fcportcd 1Q spcctIoscop1c c111p-
sometric measurements of similar As-implanted and
laser-annealed sample by Jellison and co-workers can be
entirely explained by a similar microscopically rough suI'-
face region on their samples. Because Jellison et al. did
not observe such surface regions on P-implanted samples,
we can conclude from our analysis that the As-P differ-
ences do not pertain to bulk doping but rather to differ-
ences in the recrystallization and regrowth mechanisms
for the different types of implanted atoms.

For completeness, e spectra were also obtained on a-Si
flillns doped Elf slit with phosphorus. Howcvcf, IIl1cfo-
structural effects seemed to outweigh the effects of heavy
doping, and no effects obviously related to a large free-
carrier concentrations could be seen. Our results agre
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well with our previous data on LPCVD films and with
those of Drevillon et al. on magnetron-sputtered materi-
al, indicating a now quite general convergence on an "in-
trinsic" dielectric response for a-Si. Our more accurate
data for e2 allowed us to investigate the functional depen-
dences of various powers of a and e2 on energy. We
found that the standard Tauc functional dependence
(e2E)'~ predicted to be linear in E for nondirect transi-
tions between simple parabolic bands for a constant-
inomentum matrix element shows, in fact, considerable
curvature. In contrast, the functional forms (anE)'~ and
(e'2)' were each quite linear in energy and no distinction
could be made between them to within experimental accu-
racy. The former variation was predicted by Davis and
Mott for nondirect transitions between simple parabolic
bands where the momentum matrix element varies linearly
with energy, while the latter variation was predicted by
Cody et al. for a similar situation but where the dipole
matrix element is constant. Our results are therefore con-
sistent with recent results of Klazes et al. on sputter- and
glow-discharge-deposited a-Si films.

II. EXPERIMENTAL

The starting material for the large-grained p-Si films
were extremely dense, smooth a-Si films nominally 5000
A thick deposited at 591'C by LPCVD on thermally oxi-
dized c-Si wafers. The deposition procedure is described
elsewhere. " The samples were converted to large-grained
polycrystalline material and simultaneously saturation
doped with P by heating in a PBr3 atmosphere at 1000'C
for 30 min. The attractive feature of this procedure is

that the p-Si film retains the original flatness and density
of the original a-Si film. ' ' Because uniformity was crit-
ical for unambiguously determining the small free-carrier
effects on e, we did not attempt to prepare samples of
varying carrier concentrations but restricted our experi-
mental investigations strictly to saturation-doped material.

In order to assess independently the uniformity in
thickness and grain size of the films and to obtain their
thicknesses relative to that of the nominally 1000-A-thick
thermal oxide, the samples were fractured after optical
measurement and transmission electron micrographs were
made of thinned sections of the films. The micrograph of
the p-Si sample used to obtain the data of Fig. 1 is shown
in Fig. 2. The scale is set by the 1000-A thickness of the
thermal oxide. The film is clearly polycrystalline, with
grain sizes ranging from 500 to 2000 A, and the surfaces
and interfaces are sharp on the resolution scale of the in-
strument. Figure 2 shows that the thickness ratio d2 /di
of the p-Si film and the thermal oxide is 5.29+0.05. In-
dependent optical measurements of a part of the sample
stripped of the p-Si film showed that di ——1002+2 A,
whence dq ——5300+50 A providing an independent check
of the data-reduction procedure.

The heavily doped a-Si films were prepared by in situ
doping with PH3 during LPCVD deposition at 571'C."'
TEM (transmission electron microscopy) micrograph s
showed these films to be nearly completely amorphous.
Electrical measurements' on similar films show carrier
concentrations of the order of n=—4&(10 cm . Optical
properties from 1.5 to 6.0 eV were determined by spectro-
scopic ellipsometry. To minimize overlayer effects and to
ensure a negligible contribution from natural oxides, all
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FIG. 2. Micrograph of the cross section of the heavily doped large-grain polycrystalline film used to obtain the data of Fig. 1. The
1000-A thermal oxide and single-crystal Si substrate are the dark and light gray regions, respectively.
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samples were optically aligned in the ellipsometer, rinsed
successively with methanol, water, and 10 vol% HF in
methanol, and maintained in a dry N2 atmosphere as
described previously. The rotating-analyzer ellipsometer
used to obtain the complex reflectance [ tang, cosh (TC) j
and pseudodielectric function ((e) ) spectra and methods
of compensating for the optical activity of the quartz Ro-
chon prisms have also been discussed elsewhere.

III. DATA AND ANALYSIS

The necessity of determining and then eliminating mi-
crostructural effects requires a different method of
analysis from those previously used for the interpretation
of ellipsometric spectra. Consequently, we outline our ap-
proach in this section. Below a certain energy, the a- and
p-Si films are weakly absorbing, and strong interference
oscillations are obtained. These can be seen clearly in Fig.
3, which shows the complex reflectance spectrum
p=(tang)exp(ih) calculated from the TC data for the
p-Si sample shown in Fig. 2. At sufficiently high energies
the films become opaque and pseudodielectric function
data (e) =(ei)+i(e2) can be measured directly. These
(e) data are only approximations to the true bulk
response e and must be corrected for overlayers such as
microscopic roughness. We shall show that the key to
correcting the (e) data lies in the analysis of the p spectra
in the interference-oscillation regime.

The TC data themselves do not determine p uniquely
when interference is present, but leave a sign ambiguity in

Imp due to the sign ambiguity in the calculation of sinb
as +(I—cos 6)' . We eliminate this ambiguity in a nov-
el but simple way by calculating the Kramers-Kronig
transformation of Rep, then comparing the result to the
calculated Imp spectrum. For example, this procedure
shows immediately that Imp in Fig. 3 is positive for ex-
actly three data points near 2.9 eV, that is, just before Im p
drops completely below the real axis. This result would be
extremely difficult to deduce from the original pattern,
and in fact, was not detected (and a resulting data reduc-
tion artifact not eliminated) until the Kramers-Kronig ap-
proach was developed.

Figure 2 shows that the analysis of data in the interfer-
ence regime requires a model consisting of at least four
distinct regions —the c-Si substrate, the thermal oxide, the
Si film, and the ambient. To this must be added a boun-
dary region between the film and the ambient because mi-
croscopic roughness produces a dielectric response that is
distinctly different from that of either adjacent phase. In
principle, similar transition regions should also be includ-
ed at the two interfaces of the thermal oxide. However,
the contrast between the dielectric properties of either
oxide-semiconductor interface and the oxide itself is much
lower, and the neglect of the interface regions at these
boundaries will result mainly in a renormalization of the
oxide thickness to slightly larger values. The computed
dielectric response of the Si film will not be affected.

Consequently, we are led to a five-phase representation
consisting of the c-Si substrate, the thermal oxide of
thickness di, the Si film of thickness d2, the microscopi-
cally rough surface region of thickness ds, and the dry Ni
ambient. The dielectric response of the c-Si substrate e, is
known from previous measurements' while that of the
first layer equi, can be calculated from Malitson's disper-
sion equation for fused silica. z Other known quantities
are the angle of incidence P, the dielectric response e, =1
of the ambient, and the complex reflectance ratio p at
each measurement energy E. The unknown parameters
are the three thicknesses d, , d2, and 13, the void fraction
f„describing the microscopic roughness, and the dielectric
function e&z of the Si film. Of the unknowns, only Ei2 is
energy dependent, while the rest are constant over the
spectrum. We may therefore write
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FIG. 3. Complex reflectance ratio of the sample of Fig. 2 in
the spectral range where the p-Si film is semitransparent.

F (ev)
FIG, 4. Exact solution for the imaginary part of the dielectric

function of the p-Si film of Fig. 2 obtained by solving Eq. (1)
with f„=0.6 and the other energy-independent parameters as
indicated (top). Artifacts induced by increasing (dashed lines) or
decreasing (solid lines) the individual layer thicknesses by the
amounts given (bottom).
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P=P(cs cII di'cia d2 fU dl'E 4)

which is a schematic representation of the Fresnel reflec-
tion equations for a multilayer stack, with the dielectric
function of the last layer calculated in the Bruggeman
effective-medium approximation (EMA). I Equation (1)
must be solved for d 1, dI, dl, f„and el& from the avail-
able data.

To solve Eq. (1), we adopt the strategy of choosing ini-
tial values fol' Rll cllcl'gy-iildcpcIldcllt, palR1Ilctcl'8 Rnd then
dctc~lnc EI2 at each E. Slncc Sl has no tI'Rnsltlon thlcsh-
Dlds floni 1.5 to 3.0 cV, tllc pllysically correct sollltlon
will correspond to those values of di, dz, ds, and f, for
which CI2 is featureless and simply varies smoothly into
the lower pseudodielectric function range of the film.

The solution for ImcI2 according to these standards is
shown from 1.5 to 2.7 CV in an expanded vertical scale at
the top of Fig. 4. It is seen that the solution obtained for
di = 1020 A, d2 ——5370 A, d3 ——6.5 A, and f„=0.6 is
mathematically smooth on this scale. To assess the sensi-
tivity to these parameters, we show on the same scale but
with different origins the corresponding solutions that re-
sult from increases (dashed lines) or decreases (sohd lines)
of the three thicknesses by 100, 100, and 7 A, respectively.
An error in any d generates a unique interference-related
artifact in the e spectrum itself. Changes in di for the
theImal oxide sho% a I'csonancc-type bchavlor and RI'c

more pronounced at long wavelengths where the p-Si film
is more transparent. Conversely, the effect of roughness
(dl) is largest at higher energies. An error in dl generates
oscillations of a different phase than those of dl and the
amplitude is uniform over the whole range.

From thcsc lcsults wc estimate our unccrtalntles ln dg,
dI, and dl for this sample to be +25, +25, and +1 A,
respectively. The values of ds and f, interact so the latter
uncertainty is not given; f„was chosen to minimize ar-
tifacts in the Kramers-Kronig comparison between Reels
and Im&I2 ovcI' thc cntlI'c 1.5- to 6.0-cV spectral 1ange.
The ratio (dl+dl )/dl ——5.27+0.02 agrees almost exactly
with that obtained from Fig. 2, and all other values except
dl fall within the respective experimental uncertainties.
The effective thickness of the microscopically rough re-
gion is far too small to be resolved by a transm~ssion-
electron microscope; however, it is clear from Fig. 4 that
it is present and that its effects cannot be ignored. Figure
4 in effect constitutes an existence proof for this overlayer
and justifies the correction of the (c) data above 3 eV for
microscopic roughness. The full spectrum for the p-Si
laycI' calculated ln th1S way ls glvcn ln Flg. 1.

The fact that a/l interference-related artifacts can be el-
1IMnated coIQplctcly by the propcI' cholcc of dI, d2, d3,
Rnd fq 18 cxtrcIQcly signlflcallt Rnd 11Rs far gl'catcl' Imph-
cRtlons than IncI'cly RchlcviIlg tllc cori'cct vRlucs of tllcsc
parameters. Since any failure of the sample to conform to
'tllc basic Rssllnlptlons of thc five-pllasc Inodcl woUld gen-
erate compensating energy-dependent artifacts in cia, the
successful elimination of all such artifacts shows that the
films involved are indeed isotropic, uniform, and homo-
geneous, and that the interfaces are mathematically sharp
on the necessary scale. The solution of Eq. (1) is particu-
larly dependent on inhomogencities near 2.7 eV where the

Si film is becoming opaque, owing to a near degeneracy of
a number of alternate solutions at that energy. We saw no
cvldcilcc fol' Rny R110111810118bcllavlol 111 tllls lcglo11. Tllls
is an independent measure of the uniformity of films and
provides further assurance that the calculated dielectric
functions are accurate.

We have previously used a five-layer model to nondes-
tructlvcly analyze natlvc oxides on GRAs, %'herc thc
spectral dependence of the oxide was assumed to have a
Sellmeier form. The present approach is more basic in
'that Bo U pPloTI RssUlrlptlons Rl'c Illadc about thc dlclcctrlc
nature of the overlayer. Only very general (and as dis-
cussed above, verifiable) assumptions need be made about
the types of layers involved, their homogeneity, and the
quality of their interfaces. A difficulty is that 8 large
number of different solutions can be obtained for @II from
Eq. (1). Some of these are shown in Fig. 5. The solutions
group into classes according to the order v of the overall
phase shift 2Irv=nodq, where no=@'~ is the refractive in-
dex of the film. For this film, a change in order corre-
sponds to a change in dq of about 400 A. In addition, dif-
ferent solutions for no exist within a given order for dif-
ferent values of dz. The optimum solutions for Reel& for
four orders are shown in Fig. 5 together with a set of solu-
tions for di values differing by 100 A for the correct or-
der. In this case interference-related structure makes the
correct order and solution easy to identify.

c~ =c, E~ IE(E+i l—), (2)

FIG. 5, As Fig. 4, but for the real part of the dielectric func-
tion for foul djfferent orders 2&v= tlod2~ and for d2 values in in-
crements of IOO A for the correct order. Similar sets of solu-
tions exist for thte other orders but are not shovyn.

As mentioned above, Fig. 1 shows that the effects on e
due to a large density of free carriers are relatively small.
&e discuss the p-Si results according to spectral regions
and consider the microstructural and a-Si results at the
cnd.

A. p-Si, region below 2.5 eV

Here, free-carrier effects appear mainly in ci, causing a
reduction of 0.77 at 1.5 eV but becoming essentially unob-
servable at 2.5 eV. According to the Drude theory me can
%'rite
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FIG. 6. Difference between el values for lightly doped (el, )
and saturation P-doped (el~) Si. The theoretical curve passes
through the origin and has a slope corresponding to
n =3.3 y lo" cm-'.

where I is the broadening parameter, E& is the plasma en-

ergy, and e~ and e, are the dielectric functions of p- and
e-Si, respectively. Here

where for Si mI =0.916m, and m, =0. 191m, . For

l'«E, a plot of (ez —e, ) vs E should yield a straight
line which passes through the origin 1/E =0.

Figure 6 shows that our data plotted in this way agree
with the theory to within +0.02, or to within +0.2% of
the local value of

I
e I, with a slope that corresponds to a

free-carrier concentration n =3.3 & 10 cm . This value
can be compared to the known solubility limit of 6&& 10 o

cm for P in Si at a diffusion temperature of 1000'C,
which results in an electrically active concentration
n =3)&10 cm of free carriers. ' '" Thus the effects in
this spectral region are entirely due to free carriers with
no other factors, such as microstructure, being significant.

The result allows us to draw the following conclusions.
First, the polysilicon films prepared as described in the
preceding section consist primarily of material that is op-
tically indistinguishable, except for carrier concentration,
from lightly doped c-Si. This is entirely reasonable since
Pig. 2 shows that the individual grains are large and the
grain boundaries can only constitute a small fraction of
the volume. Second, the difference +0.2% between
theory and experiment establishes thc upper limit to thc
systematic errors in both sets of e data, those reported pre-
viously' for the lightly doped c-Si and those discussed
here for heavily doped p-Si. This follows because the
former data were obtained in a purely reflection-
ellipsometric mode, while the present data are obtained by
a combined reflection-transmission approach for which
any systematic errors would be quite different.

%c can also draw some conclusions about the dominant
free-carrier scattering mechanisms from the correspond-

E (ev)
FKjr. 7. Calculations of e2 for Si in the random phase approximation (RPA), also including local-field effects (RPA), and also ln

cludlng exc1tonlc effects (TDSHF), from Ref. I8. Data from Flg. 1 afe also shown for comparison.
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ing difference between the imaginary parts of e, which is
not shown but which also decreases approximately as
E +' -with a maximum value of 0.08 at 1.5 eV. The
functional dependence indicates that the energy loss is pri-
marily due to the interaction of free ca,rriers with lattice
vibrations, for which hei should vary as' E ' . The full
theoretical expression involves an electron-phonon
strength parameter which can be estimated from free-
carrier absorption in Ge, for which a =(2 X 10' cm )n at
A, =5 pm. By scaling the remaining factors to account
for the differences between Ge and Si, we calculate
hez ——0.08 at 1.5 eV in agreement with our observations.

Energy loss from charged-impurity scattering should
decrease as E,so at sufficiently high energies it should
become unimportant with respect to lattice scattering. In
this case the theoretical expression' can be evaluated from
known parameters, and we find that the contribution from
charged-impurity scattering should be A&2 ——0.003 at 1.5
eV for our sample. This is indeed negligible with respect
to lattice scattering. Thus all data below 2.5 eV support
the conclusion that the films are completely equivalent to
heavily doped but otherwise high-quality single-crystal
material.

8. p-Sl I'cgion above 2.5 CV

Above 2.5 eV lattice scattering becomes unimportant
and the dominant effects are due to the screening of exci-
tonic responses and the shift of the band edges due to
electron-electron, electron-ion, and lattice potential effects.
We discuss screening effects first.

E. Free carriers and the e1ectron-hoIe interaction

The effect of the electron-hole interaction on higher-
interband optical spectra has recently been discussed in
dctall by MRttallsch, Hankc, Rlld Strlllatl (MHS), wllo
began with a one-electron random-phase approximation
(RPA in their notation), added local-field effects (RPA),
and finally considered both local-field and electron-hole
interactions in a time-dependent screened Hartree-Fock
approximation (TDSHF). The results of their calculations
are compared to our spectra in Fig. 7. It should be
remembered that their results strictly apply only to un-

doped material, and for this case the agreement between
the computed TDSHF and measured c-Si spectra is
reasonably good. The upward energy shift of all struc-
tures in their calculated spectra is probably due in part to
their use of the results of early reflectance data in estab-
lishing the parameters used in their calculation. As MHS
emphasize, both local-field and electron-hole interactions
are needed to obtain the necessa. ry amplitude to e2 in the
E~ region. MHS attribute the lower calculated amplitude
of Ez to details of the relatively complicated band struc-
ture giving rise to this spectral feature. As mentioned
above, the most striking aspect of the e2 spectrum of the
heavily doped sample is its overall similarity to that of the
highly doped single crystal. We can therefore conclude on
the basis of the MHS calculations that carrier densities
—3 X 10 CIn Rrc Ilot suffllclcllt to slglliflcail'tly pcrtulb
either local-field or electron-hole interactions with respect
to general states in the zone. If the electron-hole interac-

tion were markedly reduced, the e2 spectrum would tend
toward the RPA curve, and Fig. 7 shows that this is not
the case.

The major difference between the two experimental
spectra is the loss of the peak structure near El in that for
the heavily doped material. This effect has also been re-
ported for ion-implanted and laser-annealed Si. Since
the E& structure is generally considered to originate in
part from a metastable bound exciton in the lightly doped
material, its loss at large carrier densities is not surpris-
ing. This conclusion can be supported qua, ntitatively:
The Thomas-Fermi screening length LT„for Si can be
represented by

where eo——11.4 is the static dielectric constant,
m'=(mtm, ) =0.32m, is the density-of-states effective
mass, and u =6 is the number of equivalent conduction-
band minima. From these results we calculate LrF 5A. ——

If the exciton radius for a given critical point is larger
than LTF, then the sharp excitonic structure for that criti-
cal point should be absent. Interband reduced masses in
the range of 0.022—0.11m, have been reported for the E,
and EI+EI transitions in Si; the former was derived from
electroreflectance measurementsl9 and concerns primarily
the spin-orbit-split valence band, which is severely distort-
ed in Si by the k-linear interaction. The latter was ob-
tained from a combined electroreflectance-elhpsometric
study, ' and is more appropriate for the present measure-
ments where a large density of states is more important
than a small effective mass. Using the larger value, which
is actually more conservative in this calculation, and sup-
posing that the mass is sufficiently large along (111) so
that the critical point can be considered two dimensional,
we calculate an excitonic radius of 28 A. Thus the peak
in e2 at El should be eliminated if it is excitonic in origin,
as observed.

A similar calculation can be performed for the E2 peak
using the effective-mass approximation to estimate the
mass involved. The calculation shows that any E2 exciton
should be similarly screened at these carrier densities. The
fact that no significant change occurs at Ez indicates that
no significant excitonic resonance is developed at the
Brillouin-zone regions involved.

2. Energy threshold effects

As recently discussed by Berggren and Sernelius, Sel-
loni and Pantelides, and Allen and co-workers heavy
doping can affect threshold energies by a number of in-
dependent mechanisms. Electron-electron a,nd certain
screened electron-ion contributions to the electron and
hole self-energy terms have been evaluated by Berggren
and Sernelius for the fundamental indirect gap of Si.
They find that exchange and correlation effects produce a
shift proportional to n ', a consequence of a dependence
on the Fermi momentum k~, while screened electron-ion
interactions provide a n' dependence. Allen and co-
workers have predicted a linear dependence on n re-
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suiting from ensemble averages over form and structure
factors for impurity atoms distributed at random sites
over the lattice. General expressions are given in each
case, but they are complicated. Moreover, the quantitative
results depend rather strongly on various assumptions.
For example, Selloni and Pantelides showed a strong con-
tribution from intervalley scattering terms neglected by
previous workers. Evaluation of these expressions is
beyond the scope of the present paper; instead, we restrict
our attention to possible functional dependences of the Ei
and E2 thresholds on n.

Figure 8 summarizes the results of our present work,
our previous results on As-implanted and laser-anncalcd
Si crystals, and recent spectroscopic ellipsometric results
by Vina and Cardona' for both Ei and E2 transitions.
We had previously concluded on the basis of numerical
differentiation and line-shape fitting that both thresholds
varied approximately linearly in n, while Vina and Cardo-
na concluded that their data could not discriminate be-
tween a n'~ and n (and presumably n' ) dependence.
Since linear filtering algorithms can introduce systematic
shifts under combined differentiation-smoothing opera-
tions, we reevaluated our threshold energies using more
accurate Fourier methods of critical-point analysis recent-
ly developed by us. ' ' This approach takes advantage of
the phase-coherent property of a singularity in reciprocal
space, which allows threshold energies to be determined
from the rate of change of the phases of successive
Fourier coefficients with coefficient index. Neither nu-
merical differentiation, digital smoothing, nor base-line

~ =ACPRS
o, &=VC

= THIS WORK

information are required, so accuracy is improved by
eliminating certain classes of systematic errors. Moreover,
the assumption of a single-critical-point representation
can bc asscsscd dll ectly.

As an example, we show in Fig. 9 the phases of the
Fourier coefficients of the segments of the spectra of Fig.
1 in the vicinity of the E2 transitions as a function of in-
dex for a zero-phase energy reference of 4.25 eV. Theoret-
ical trajectories in 10-meV increments for ideal critical
points show that a single critical-point representation is
valid to within about +4 and +10 meV for the undoped
e-Si and saturation P-doped p-Si samples, respectively.
The relevant E2 threshold energies are 4.29 and 4.21 eV.
A similar analysis was performed to obtain the threshold
energies of the E i critical points. In addition, we
reanalyzed our stored data reported in Ref. 7 by this
method. Consequently, a comparison of threshold ener-
gies from these sources is valid since they were all calcu-
lated in the same way. On the other hand, Vina and Car-
dona analyzed their spectra by real-space numerical
differentiation-smoothing algorithms, which unnecessarily
attenuate the hig¹index Fourier coefficients and can pro-
duce unintended systematic errors in computed threshold
energies. For example, we find from our data for un-

doped samples that the Ei critical point energy is 10 meV
lower if calculated by real-space analysis followed by
curve fitting, in agreement with the discrepancy seen in
Fig. 8.

The Fourier-derived threshold energies do not provide
enough data to definitively assign a functional depen-
dence, but suggest rather strongly a linear dependence for
Ei and are consistent with a linear dependence for Ei

lo-~on (cm-&)

FIG. 8. Dependence of threshold energies of the El and E2
critical points on carrier concentration n. Solid circles, present
work; solid squares, Ref. 7; open circles, n-type material, from
Ref. 19; open triangles, p-type material, from Ref. 19.

COEFF IC I ENT I NDEX p

FIG. 9. Phase vs coefficient index plots for determining the
threshold energy and validity of a single-critical-point represen-
tation for the E2 transition of Si samples with carrier concentra-
tions as indicated.
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FIG. 10. Solid curve: imaginary part of the pseudodielectric

function of an As-implanted laser-annealed Si wafer with
n =3)&10 cm, from Ref. 7. Dashed curve: e2 spectrum for
p-Si with n=3. 3X10 cm ', from Fig. 1. Dot-dashed curve:

(E2) curve calculated by assuming a 16-A microscopically rough
layer with 50- vol% voids on the surface of the p-Si sample.

These data, which cover a somewhat larger range of im-
purity concentrations than those given in Ref. 19, do not
show the tendency toward saturation exhibited by the data
of Ref. 19. Only the data reported in the present work
were obtained on samples where the free-carrier density
was measured directly. The data in Ref. 7 were obtained
on samples for which the total As-impurity concentration
was measured independently by Rutherford backscatter-
ing. The agreement in threshold energies between the
present data and the comparably doped samples of Ref. 7
indicate that essentially all the As impurities in these
laser-annealed samples were electrically active. The
method of determining free-carrier concentration in Ref.
19 was not specified; if the electrically active impurity
concentration became progressively less than the total im-
purity concentration with increasing concentration, then
the tendency toward saturation in the Ref. 19 data would

be readily explained.
Despite these differences, Fig. 8 shows that all thresh-

old data are generally consistent with a linear slope of ap-
proximately 0.02 eV/10 cm for both E& and E2 struc-
tures. The curvature present below 10 cm in the Ref.
19 data occurs in a range where a n ' or n ' dependence
would be expected to be dominant. However, the magni-
tudes of these possible n'~ or n'~ contributions are far
less than those predicted by many-body calculations for
the fundamental indirect gap and also less than those
predicted for the top of the valence band separately.
Berggren and Sernelius show that electron-electron (n'~3)
and screened electron-ion (-n '~

) effects should raise the
top of the valence band by -40 and -20 meV, respec-
tively, at n =10 cm . But these effects are k dependent
and since neither E& nor E2 involve zone-center states the
results may not be directly applicable. Further calcula-
tions would be necessary to resolve this point. The present
results indicate that self-energy effects for these critical
points should be much less than the effects at the funda-
mental indirect gap.
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FIG. 11. Solid curves: absorption-coefficient data for lightly

doped c-Si and As-implanted laser-annealed c-Si for impurity
concentrations as indicated, from Ref. 8. Dashed curve: e2 data
for p-Si with n=3. 3&(10 cm, from Fig. 1. Dot-dashed
curves: Pseudoabsorption-coefficient spectra calculated by as-
suming 20- and 40-A microscopically rough layers with 50-
vol go voids on the surface of the p-Si sample.

A linear shift can be attributed to changes in the aver-
age or effective pseudopotentials of the Si-P or Si-As lat-
tice due to the presence of substitutional donors on the lat-
tice sites. The general formalism has been given by Allen
and co-workers. The dominant effect would be ex-
pected to arise from an ensemble average over randomly
placed donors via a second-order coupling to intermediate
states. The first-order term is weak and, in any case,
would predict a difference between n- and p-type samples
that is not seen experimentally. '

C. p-Si, microstructural effects

Having obtained accurate e data for heavily doped Si,
we can now examine previous data for the existence of mi-
crostructural effects. By so doing, we resolve some
remaining questions about the apparent physics of heavy
doping, in particular, the differences among laser-annealed
samples with As or P as recently reported by Jellison and
co-workers.

We consider first our earlier results on As-implanted
laser-annealed c-Si wafers. Figure 10 shows a comparison
between measured (e) spectra for a laser-annealed sample
implanted with 3X10 cm As and the p-Si data of Fig.
1 determined from a P-doped sample with the same im-
purity concentration. The amplitudes of the E2 peaks
differ by 25% and the Et edge of the laser-annealed sam-
ple is apparently downshifted by 10 meV, indicating at
first sight a substantial difference between As and P dop-
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FIG. 12. Dielectric function spectra of a-Si films obtained
from different sources. Solid curve: in situ P-doped LPCVD
film, this work. Dot-dashed curve: undoped LPCVD film,
from Ref. 23. Dashed curve: glow-discharge film, from Ref.
44. Double-dotted —dashed curve: multipole-plasma film, from
Ref. 24.

ing. But if we calculate an (e) spectrum assuming the
p-Si sample is covered with a microscopically rough sur-
face region 16 A. thick and described by an EMA mixture
containing 50 vol% voids, we find that the calculated

spectrum is virtually identical to that of the laser-annealed
sample as also shown in Fig. 10. Thus the apparently
large differences between As and P dopants, at least to an
impurity concentration of 3&&10 cm, can be entirely
understood in terms of microstructure.

With this background, we now investigate the differ-
ences in optical spectra between As- and P-implanted
laser-annealed material in the recently reported SE mea-
surements of Jellison and co-workers. Their results, ex-
pressed as an absorption coefficient a, are reproduced in
Fig. 11 together with the a spectrum calculated from the
p-Si data of Fig. 1. The p-Si a spectrum is in good agree-
ment with that for the lightly doped c-Si sample from
Ref. 8, which in turn was also very similar to that ob-
served in Ref. 8 for P-implanted and laser-annealed ma-
terial. In contrast, the absorption coefficient data for the
As-implanted and laser-annealed samples show a rnono-
tonic increase with As concentration, suggesting a funda-
mental difference in the materials. But if we again calcu-
late pseudoabsorption-coefficient spectra assuming micro-
scopically rough surface regions 20 and 40 A thick, we
reproduce almost exactly the data for the As-doped sarn-
ples with n = 1.1)& 10 cm and 3.2& 10 ' cm, respec-
tively. In fact, the agreeinent in the former case is so
good that the difference cannot be seen clearly on this
scale. Thus, as with Fig. 10, we can conclude that the ap-
parently larger absorption coefficients have nothing to do
with an intrinsic difference between As and P as dopants
but are entirely due to microstructural differences that
occur on recrystallization. The same conclusion follows
from a detailed analysis of the pseudorefractive-index data

of Fig. 1 in Ref. 8.
While the results show that As and P as dopants are

essentially interchangeable, it is nonetheless clear that the
microstructural differences caused by As and P implanta-
tion are nevertheless quite real. The difference is probably
due to differences in rates of recrystallization or ease of
regrowth of laser-annealed Si samples implanted with P or
As.

D. Amorphous material

Similar analyses were performed on a-Si films doped in
situ with phosphorus and deposited via LPCVD at 571'C.
The e spectrum for such a film is shown in Fig. 12. The
ellipsometric data were analyzed by the methods of Sec.
II, and the microstructural parameters in this case were
found to be d i

——990+25 A, d2 ——5487+ 10 A, and
d3 ——19.S+O.S A. The values of d~ and d2 are in good
agreement with those expected from the processing histo-
ry of the sample. The best results were obtained for the
microscopically rough surface having 50 vol% voids.
The surface layer thickness was somewhat larger than that
of the p-Si film discussed in the preceding section.

The spectrum in Fig. 12 shows typical amorphous char-
acter with e2 rising smoothly to a peak of 29.6 at 3.74 eV.
For comparison, similar data on a number of undoped
a-Si films are also shown. The spectrum of Ewald et al.
was obtained from reflectance data taken on a glow-
discharge-deposited sample prepared with a substrate tern-
perature of 400'C. To obtain the e2 spectrum, the reflec-
tance data were extrapolated beyond the experimentally
accessible energy range of 1.5—10.0 eV and Kramers-
Kronig transformed. The spectrum of Drevillon et al.
is actually a (e) spectrum calculated without regard to
overlayer corrections from spectroscopic ellipsometric
data for a a-Si film deposited at 340'C from a low-

a-Si

E

(D

LLJ

0

E (ev)

FIG. 13. Variation of {anE)' vs energy of the LPCVD
samples of Fig. 12, together with data of sputtered- and glow-
discharged films from Ref. 28.
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pressure multipole plasma. This film had an estimated
density of 97+4% as determined from combined Ruther-
ford backscattering areal density and spectroscopic ellip-
sometric thickness measuremenis, and a hydrogen content
of the order of 5%. Data that we previously reported
for an undoped LPCVD film deposited at 625'C are also
shown after correction for a 4 L overlayer of microscopic
roughness. This thickness was determined by an analysis
of interference oscillations similar to that shown in Fig. 4,
but the oscillations could not be made to vanish in this
case so the thickness results are not conclusive. Quite pos-
sibly considerable recrystallization had already occurred in
the lower regions of that film at that deposition tempera-
ture, ' so the inability of a simple model to describe this
film is not surprising.

Nevertheless, all spectra in Fig. 12 are remarkably simi-
lar, suggesting that a general convergence of various
groups to the "intrinsic" dielectric properties of dense a-Si
has now occurred. The data of Ewald et al. are not ex-
pected to be as accurate owing to artifacts peculiar to the
Kramers-Kronig analysis. The data of Drevillon et al.
may show small distortions slncc no corrcctlon was made
for surface roughness. The difference between our present
data for heavily doped a-Si and our previous data for the
undoped film vanishes completely if we assume that the
thickness of the microscopically rough layer on the latter
sample was 9.6 A instead of 4.0 A. Thus the differences
among e2 spectra of all samples can be attributed to mi-
crostructure, and we conclude that no effect unambigu-
ously related to the large density of free carriers is present.

Because our present data accurately cover a dynamic
range of a of nearly 1000, we can also accurately investi-
gate various theoretical predictions for functional depen-
dences of optical parameters on energy as a means of
understanding in more detail the electronic energy levels
and absorptive processes in a-Si. Tauc et al. originally
proposed a hnear variation of (E e2)'~z with E, which fol-
lows for constant-momentum matrix elements in a simple
nondirect transition model between parabolic bands, while
Davis and Mott proposed a linear variation of (anE)'~
as a means of unifying both Urbach-edge broadening and
frozen-in structural disorder by taking the momentum
matrix ej.ement to vary linearly in energy. More recently,
Cody et al. proposed that a linear variation of (e2)' vs
E would be an indication of a constant-dipole matrix ej.c-

ment for nondirect transitions between simple parabolic
bands.

In agreement with Klazes et al, we found much better
agreement with the Davis-Mott functional form and with
that proposed by Cody et al. than with the Tauc expres-
sion. Our results for both heavily P-doped and undoped
LPCVD samples are shown in Fig. 13 as (ctnE)'r togeth-
er with selected results from Ref. 28. The very nearly
eqliivaleflt slopes aild exti'apolatioii eneigies for the two
LPCVD samples provide further evidence that the incor-
poration of large numbers of dopant atoms has very little
effect on the properties of a-Si. In addition, these plots
are very sensitive to microscopic roughness. The fact that
straight lines are obtained for the LPCVD samples is
another indication that microscopic roughness has been
accounted for successfully. The extrapolated energy of 1.4
eV is close to that for the sputtered-sample data of Ref.
28, although the slope of the latter is somewhat reduced
suggestive of a lower density in this material. The slope
of the data for the glow-discharge sample is in agreement
with that obtained for the LPCVD material; since the
glow-discharge sample was dcposltcd at, 370 C and can
therefore be expected to be relatively free of hydrogen, the
difference in extrapolated zero crossings probably indi-
cates a lower density of intrinsic states. The relatively
large a values of the LPCVD material prevented a mean-
ingful comparison to the earlier theory of Cody et a1.,
which predicts a Urbach-type edge due to frozen-In disor-
der.

We have not shown our data expressed as (eq)'~ be-
cause the difference in linearity is too small to be mean-
ingful. In fact, both forms (unE)'~ and (e2)'r are very
closely related in that if (e2)'~ varies linearly in energy,
then (anE)'~ will vary as E ~ . This difference is diffi-
cult to detect over a relative1y narrow range in energy.
While our data can eliminate the simple model of Tauc et
al., they cannot distinguish between the models proposed
by Davis and Mott and by Cody et al.
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