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Interdiffusion of Al and Ga in heavily C-doped Al, . Ga, , As/GaAs superlattice (SL)
structures has been investigated quantitatively for a variety of ambient and surface
encapsulation conditions. High-resolution photoluminescence (PL) at 7= 1.7 K was
employed to evaluate the extent of layer intermixing after 24-h anneals at 825 °C. From the
shifts to higher energies of the PL peaks due to # = | electron-to-heavy hole transitions in the
quantum wells of the annealed SLs relative to the position of this peak in the as-grown crystal,
approximate Al-Ga interdiffusion coeflicients {D,, ., ) have been determined for different
annealing conditions. For all encapsulants studied the interdiffusion in C-doped crystals is
accelerated with increasing As, pressure in the annealing ampoule. This result disagrees with
previously observed trends for Group 1I-doped p-type structures, which have led to the
charged peint-defect model (Fermi-level effect) of Al-Ga interdiffusion. The Si; N, cap has
provided the most effective surface sealing against ambient-stimulated layer interdiffusion, and
yielded D 5, =~ 1.5 — 3.9X 10~ ' cm®/s. The most extensive layer intermixing has occurred
for uncapped SL annealed under As-rich ambient (D, s, =3.3X 107 * em?/s). These vatues
are up to ~40 times greater than those previously reported for nominally undoped

Al Ga, _  As/GaAs SLs, implying that the C, doping skightly enhances host-atom seif-
diffusion on the Group I sublattice, but significantly less than predicted by the Fermi-level
effect. The discrepancies between the experimental observations and the model, are discussed.

L INTRODUCTION

The dependence of Al-Ga interdiffusion in guantum-
well heterostructures (QWHs) on anneal ambient and sur-
face encapsulation conditions has been extensively investi-
gated under both intrinsic and impurity-induced regimes for
A1, Ga, ,As/GaAs and related III/V material systems
(for a recent review, see Ref. 1). Based on results of that
work a consistent picture has evolved, whereby the self-dif-
fusion of Group III host atoms, which causes the layer inter-
mixing, is presamably mediated by the Group HI vacancy
(Vi ) and interstitial (f;;, ) charged native point defects.’”
The concentrations of these defects depend on the Fermi-
level position and crystal stoichiometry, and can be experi-
mentally controlled by doping and/or the anneal ambient
atmosphere.'” Specificaily, Al-Ga interdiffusion has been
found to increase in #-type superlattice (8L.) crystals with
heavy doping of either Group IV {e.g., 8i)* or Group VI
(e.g., Se)® substitutional donors during anneals under As-
rich ambient, both conditions enhancing sotubility of the
negatively charged ¥y . On the other hand, when a SL is p-
type with a heavy doping of Group II on Ga sublattice ele-
ments {e.g., Mg),"* increased interface smearing has been
observed after Ga-rich anneals, supposedly because of an
excess concentration of positively charged I, defects.”®

Recent advances in heavy carbon doping of GaAs and
Al,Ga, _ ,As grown by metalorganic chemical vapor depo-
sition (MOCVD)™® have allowed, for the first time, tests of
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the trends outlined above also for this Group IV on As sub-
lattice acceptor species.” In that work® the extent of Al-Ga
interdiffusion was found to be extremely small compared to
other p-type dopants, and could not be detected with con-
ventional microanalytical techniques such as cross-secticnal
two-beam transmission electron micrascopy ( TEM ) or sec-
ondary-ion mass spectrometry (SIMS}. This led to the con-
clusion that heavy C,, doping suppresses layer disordering
in Al,Ga; _ ,As/Gahs SLs relative to an undoped crystal.
Also, using low-resolution photoluminescence (FPL) at
T = 77K, lack of interdiffusion enhancement under Garich
compared 1o As-rich annealing conditions was observed.’
These recent results obviously disagree with previous data
on impurity-induced jayer disordering (IILD) in general,
and the Fermi-level {or charged point-defect) interdiffusion
model, > in particular.

Because of the central importance of the dataon 1L D in
heavily C-doped SL crystals to the understanding of the
Group 11 self-diffusion, we have performed a more com-
plete, quantitative study of anneal ambient and surface en-
capsulation effects on this process. In this work low-tem-
perature, weak-excitation PL has been employed for
improved spectral resolution. The layer disordering-induced
shifts to higher energies (AE) of the n = 1 electron-to-heavy
hole {e¢— ik} confined-particle transitions were analyzed to
yield Al-Ga interdiffusion coefficients (D, . } for different
annealing conditions at 7 = 825 °C. This work confirms one
of the major conclusions of the earlier study.” We have ob-
served clear trends of enhanced interface smearing in SLs
annealed under As rich relative to As-deficient ambients for
all cases of crystal surface sealing. However, the calculated
values of 0,,5,(825°C) fall in the range of
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~1.5% 10~ ~3.3 10~ *® em?/s, which is higher than the
previously reported D, =8-10x10 "% em?/s for un-
doped SLs.” This indicates a slight enhancement of the inter-
diffusion process in the C-doped crystals relative to intrinsic
conditions (for a compilation of the latter data see Ref. 3).
Thus, although a weak IILD effect is operative in heavily C-
doped p-type Al ; Ga, , As/GaAs SLs in agreement (at least
qualitative} with the Fermi-level model,>* a revision is re-
quired with regard to the identity of the native defects that
may be responsible for the Group III self-diffusion in the
presence of large concentrations of substitutional acceptor
impurities on the As sublattice.

. EXPERIMENTAL PROCEDURE

The SL crystal investigated here was grown by low-pres-
sare MOCVD in an EMCORE GS83100 reactor on a 2° off
(100) oriented liguid-encapsulated Czochralski GaAs sub-
strate. Trimethylgallium, trimethylaluminum, and 100%
arsine were the growth precursors, and the carbon doping
source was a 500-ppm mixture of CCl, (Matheson) in high-
purity H,.” The flow rates of CCl, = 100 sccm and H, =93
slm resulied in an approximately uniform carbon doping lev-
el of [C]=8x 10" cm ~* throughout the whole epitaxial
multilayer stack of GaAs and Al _Ga, _  As, asconfirmed by
SIMS concentration depth profiles. The growth was carried
out at 7= 620 °C, pressure p~ 100 Torr, growth rate =~ 500
A/min, V/III ratio=160, and substrate rotation rate
=~ 1500 rpm. The SL crystal consists of a ~700-A-thick
Gahs buffered layer, followed by 40 Al,,Ga,,;As/GaAs
periods of equal barrier and well thicknesses L, =L, =200
A. The SL is confined with a ~ZO()—A Al ;Ga,, As layer
and further capped with a ~200- A GaAs layer.

The anneals were performed in evacuated guartz am-
poules (volume =3 cm®, p= 10~ ° Torr) at 7= 825 °C for
24 h. Three sets of samples were annealed in separate am-
poules under different conditions of the crystal surface stoi-
chiometry: (i) As-rich ambient { + As), achieved by add-
ing 25 mg of elemental As resulting in an As, overpressure of
about 2.5 atm in the sealed ampoule at 825 °C; (ii} Ga-rich
conditions ( 4+ Ga), maintained by placing an elemental Ga
in the ampoule to create a very As-deficient ambient corre-
sponding to the equitibricm between the As, vapor from the
SL crystal and the excess Ga at 7" = 825 °C; and (iii) equilib-
rium GaAs conditions ( + §), existing when neither As nor
Ga is added to the ampoule, so that the more volatile As
atoms evaporate from the crysials until equilibricm is
reached between the vapor and the Ga-rich epitaxial crystal
surface. A set of three samples was loaded into each am-
poule. Two SL crystais were encapsulated with an ~ 1000-
A-thick layer of either $i0, or Si, N, deposited by CVD at
~400 and ~ 700 °C, respectively, and the third sample had
an uncapped surface.

The carrier concentration depth profile in the as-grown
SL. was measured with Polaron PN4200 capacitance-voltage
electrochemical profiler. The as grown and some annealed
samples were analyzed also with TEM and STMS. As assert-
ed earlier, these technigues did not provide much useful in-
formation concerning the layer intermixing process. The
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TEM data confirmed the precalibrated thicknesses
L, =L, 200 A in the as-grown SL crystal.

The optical properties of ali the samples were assessed
with low-temperature PL. The samples were mounted strain
free in superfluid *He at T~ 1.7 K. Low-level excitation
( ~36 mW/cm?) using the 5145-A line from an Ar * laser,
was emploved. An unfocused beam of about 3 mm in diame-
ter was used to probe almost the entire area of the samples,
thus averaging over possible lateral inhomogeneities of the
crystals. The emitted radiation was dispersed by an Instru-
ments SA 1-m double spectrometer and detected by a ther-
moelectrically cooled GaAs photomultiplier tube, using the
photon counting technique.

jii. DATA ANALYSIS

The dominant feature in the low-temperature PL spec-
trure of the as-grown SL crystal shown in Fig. 1 {dashed
curve) is a single, broad peak (full width at half maximum
FWHM = 17.6 meV) at ~ 1.5316 V. This peak is atiributed
to n = } electron-to-heavy hole {¢— k) confined-particle
recombination in GaAs quantum wells. The observed emis-
sion energy matches within 0.1 meV the value for a square-
wave potential in a multiple QWE, calculated using the al-
gorithm of Kolbas and Holonyak'® with boundary
conditions modified to satisfy continuity of {(1/m*)}d¥/dz,
in order to account for different effective masses across the
weli/barrier heterointerfaces.!"'? The parameters used in
the calculations are: L, =1L, =200 A, x,(Al)=0
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+ 0.42x, E,(x) = E,(GaAs) + 1.247x,"° E_(Gahs)
= 1.5192 eV at T = 1.7K,'® and the conduction band-edge
discontinuity AE, = 0.6AE[.*>"7 The deviation of ~0Q.1
meV in the calculated transition energy corresponds roughly
to a 1% error in m*® or to a fraction of 2 monolayver ( <2 Zi)
uncertainty in L . Since the actual uncertainties in vaiues of
all the parameters are much greater than that (e.g., at least
+ 10 A for L, and Ly), the fit accuracy of ~1 meV is
sufficient for cur purposes.

For L, = 200 A, the binding energies of both free and
neutral acceptor-bound heavy-hole excitons are ~7 meV.'®
If the main SL peak observed experimentally (Fig. 1) were
due to annihilation of these excitons, this would imply an
(e—hh}, ., energy between ~7 to ~ 14 meV higher than
the calculated value. However, it should be pointed out that
the specified barrier and well dimensions are the lower limits
of these quantities, as determined from growth calibration,
TEM and SIMS. Furthermore, the TEM image of the as-
grown SL shows abrupt interfaces. Finally, computer simu-
lations indicate that correction io the calculated
(e—hh}, _, photon energy due to inaceuracy in x, (or
AE, ) should be at most of the order of ~ 1 meV. It is, there-
fore, impossible to account for an underestimate as large as
~7~14 meV, and we conclude that despite the low tempera-
ture of 1.7 K, formation of free excitons and their subsequent
capture at C acceptors are suppressed in these SL crystals,
presumably due to delocalization effects caused by the high
doping level.'” It follows, that the SL-related transition ob-
servable in PL spectrum of the as-grown sample originates
most probably in the (e— k), _ | recombination process, as
asserted at the beginning of this section.

The PL spectra of the annealed SLs also exhibit a single
prominent transition at Av> E (GaAs), accompanied by
usually weak shoulders and secondary pezks on both high-
and low-energy sides (Fig. 1). The important assumption
underlying our analysis is that the dominant SL peaks in the
PL spectra of the as grown and annealed crystals are of the
same origin. With this assumption, we can deduce the Al-Ga
interdiffusion coefficients from the measured shifts to higher
energies AF of the emission lines in the annealed SLs relative
to the as-grown one, as discussed later. The additional,
weaker spectral features seen in Fig. 1 may resuit from
depth-dependent extent of layer intermixing,”® giving rise to
2 wide range of confined-particle bound states detected with
PL.

The large depth penetration of the PL probe is manifest-
ed directly by the presence of a broadband at ~ 1.49 eV, also
shown in Fig. f. This transition comes from unresolved con-
duction band-to-acceptor (e-4°) and donor-tc-acceptor
(D°-4°) recombination processes due to C acceptors in the
buik GaAs, namely the cap and buffer layers, as well as the
substrate. The latter assignment has been supported by the
PL spectra measured from the back surface of the subsirate.
The observation of occasionally very intense GaAs lumines-
cence through the ~ 1-m-thick SL stack indicates a large
ambipolar diffusion length of the photogenerated carriers
and/or a photon recycling effect.”® The peak position of this
transition is invariant with anneaiing conditions, thus con-
firming that it is not related to the SL structure, and provid-
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ing an intrinsic calibration of the extent of Al-Ga interdiffu-
sion in each case of annealing conditions. Moreover, changes
in the relative intensity of this peak may serve as a sensitive
monitor of varying transport properties of the annealed SL
crystals.

The energy shift AF due to layer disordering-induced
modification of the SL composition profile after annealing
under given conditions allows an approximate determina-
tion of the corresponding Al-Ga interdiffusion coeflicient,
Dg.- 2% We have employed the general solutions of
Fick’s equation with constant D, ,, using Fourier series
expansion® to satisfy the initial conditions of the periodic
square-well potential profile, and the boundary condition;

x(zt—ow}= (Lpxpg + L x, )/ (L£;+Ly).

The Schrédinger equation, with the medified kinetic energy
operator { — (#2/2) (3 /3z)[1/m*{z)1(d /3z)} used to ac-
count for spatially varying effective masses,'""'? was solved
for the lowest eigenvalues in the smoothed periodic conduc-
tion and heavy-hole valence bands, assuming a symmetric
envelope wave function as described by Lee, Schlesinger,
and Kuech.” The number of Fourier components included
in the characteristic matrix of the eigenvalue problem was
increased until the convergence criterion of the relative
change of <0.1% in energy of the lowest bound state was
met. For each measured vaiue A& a conjugate gradient itera-
tive procedure was applied to find D,,, such that
IAE,,, — AE.| <0.1 meVY. An example of the potential
profiles for the as grown and iwo annealed SL structures
shown in Fig. 1, as well as the corresponding # = | confined-
particle bound siates and (e—Ahh), _, transitions are pre-
sented schematically in Fig. 2.

This method is very sensitive to the SL structural pa-
rameters. For example, an uncertainty of about one mono-
layerin L, =200 A causes up to 10% change in D, ;, in the
low-diffusivity regime of ~ 10~ *° cm?/s. However, the high
accuracy ( ~0.2 meV} in the PL data is sufficient to draw
unambiguous conclusions with regard to the influence of the
surface encapsuiation and annealing ambient on the extent
of AlGaAs/GaAs hetercinterface disordering.

V. EXPERIMENTAL RESULTS
A, Surface encapsuiation effects

Photoluminescence measurements examining the ef-
fects of encapsulation on the extent of interface smearing in
the SLs capped with 1000-A-thick Si(, and Si; N, films
relative to the unprotected sample are shown in Fig, 1 for the
{ + As) anneal ambient. As discussed in the following sec-
tion, the As-rich atmosphere significantly enhances the in-
terdiffusion in the C-doped crvstals, and hence it offers the
most sensitive conditions for evaluation of the influence of
the encapsulation on retarding the SL disordering. Equiva-
lent trends were observed also for the other two annealing
ambients studied, however.

The most extensive SL composition profile grading
leading to the greatest PL energy shift observed in this work,
AE~86 meV, occurred for the capless sample, as shown in
thie top spectrum of Fig. 1. The Si0, cap is permeable to Ga
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FIG. 2. Potential energy profiles of Al , Ga,, As/GaAs SL before {square
wave, solid line) and after 24-h-long anneat under ( + As) ambient with
Si; N, cap (dashed curve) and with no cap (chained line}, based on the data
presented in Fig. 1 and Table I. The horizontal dashed lines show the con-
fined-particle bound states calculated for each potential profile. Also indi-
cated are the (e #h),, _ | transitions corresponding to the measured photo-
lumineseence.

and, thus, provides a very ineffective surface encapsulation
relative to the uncapped crystal.**?® This effect of Ga out-
diffusion induced-layer intermixing can be seen in Fig. 1,
where AE =73 meV for SiQ, cap is the second largest SL
peak energy shift measured in our study.

As expected, the most efficient encapsulation against
Al-Ga interdiffusion stimulated by crystal interaction with
the ambient atmosphere was provided by the Si; N, cap.”®*®
The most extensive interface grading after 24-h anneal with
this encapsulant was observed again for the ( 4 As) am-
bient, but it resulted in a PL energy shift only of ~8 meV, as
shown in the bottom spectrum of Fig. 1. Our data indicate
that the $i, N, layer, although relatively nonporous, does
not entirety block in- and out-diffusion of Al, Ga, and As,
since a clear dependence of AE on the annealing ambient has
been observed for the Si; N, cap as well, as summarized in
Table 1.

B. Anneal amblent effects

Regardless of crystal encapsulation, an obvious mono-
tonic trend of decreasing extent of layer intermixing on ¢ran-
sition from As-rich to As-deficient (or Ga-rich) annealing
conditions is evident in our data. This is demonstrated in
Fig. 3 for 8i0,, capped, and in Fig. 4 for capless SL crystals.
In both cases significant variations in the PL energy shifts
relative to the as-grown sample can be noticed as a function
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TABLE I. Peak energy up-shifts of the (e hk), .| transitions in annealed
C-doped Al,,Ga,, As/GaAs SL crystals relative to the as-grown sample,
and the corresponding Al-Ga interdiffusion coefficients at 7= 825 °C, for
different encapsulation and ambient conditions.

Annealing ambient
Cap (+ Ga) (+6) { + Asj)
None AE {meV) 27-38 . N/A 86
D (em®/s) LI-1L.5X 10~ 1310 *®
AE {meV) 31 59 73
Si, D (cm?/s}) 1.3x10-® 2.2X10° ¥ 28x1071
AE (meV) 3.1 6.7 8.0
Si; Ny D (em?/s) 151071 33x10-739x10° 1

of the anneal ambient. As mentioned above, a similar behav-
ior has been observed also for the Si; N, -capped samples, but
in this case over a much narrower spectral range of
~3<AE< ~8 meV. The spectroscopic data and the corre-
sponding calculated values of D, s, are summarized in Ta-
bie L.

V. BISCUSSION

The PL data and the corresponding Al-Ga interdiffu-
sion coeflicients for the whole matrix of the C-doped SL
crystals annealed under different ambient conditions with
various surface encapsulants, are summarized in Table L
Using a similar approach, Schlesinger and Kuech™ and Lee
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and co-workers,”* determined D, g, =9.7 X 107 % cm%/s
for a nominally undoped Al ; Ga,, As/GaAs quantum-well
system annealed with Si, N, cap at 825 °C. Tan and Gdsele®
compiled the available data on Ga seif-diffusion and Al-Ga
interdiffusion under intrinsic conditions and obtained
Doy (825 °C) = 8.4 X 107 * em?/s. Our results range from
Dirice = 1.5-39%10°Y cm%/s for Si,N, caps o
D = 11=-3.3X167 " cm®/s for the sampies with un-
capped surfaces, over the whole investigated range of As,
pressure in the ampoules. These diffusivity values are higher
than those for undoped crystals, indicating an effect of stight
impurity-induced layer disordering enhancement in C-
doped p-type AlGaAs/GaAs SLs. We believe that the pres-
ent quantitative conclusion is more reliable than that recent-
ly published,” which was based on a qualitative evaluation of
TEM images. From simulations of a SL composition profile
as a function of Al-Ga interdiffusion we have noticed that for
typical SL structures used in our INLD studies (e.g., Refs. 4,
9, and this work), the transition from a high TEM alloy
contrast to a practically irresolvable image may take place
over a less than one order of magnitude range of D, ,.
The relatively weak interdiffusion enhancement mea-
sured in our work is guantitatively consistent with earlier
resulis for Be-doped and implanted SLs,*! as discussed by
Tan and Gésele,®? as well as with our estimate of the lower
hound of B, 6, =5X 10~ 7 em?/s in Mg-doped crystal re-
ported by Deppe ef ql.* In all these cases the observed HILD
effect is significantly less extensive than the D, , =< (p/n; )"
dependence predicted by the Fermi-level model,>® where
a = 4+ 2 is the charge state of the Group III interstitials.’?
The measured values of D, -, set an upper limit of @ = 1,
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thus clearly disagreeing with the charged point-defect mod-
el.?s

Furthermore, Ralston e al.*" reported a significant dif-
ference between the effect of implanted Be vs Mg on layer
intermixing. Simiiarly, Deppe ef a/* demonstrated a com-
plete destruction of a Mg-doped SL structure after a 10-h
anneai at 815 °C under ( + O) ambient which, as mentioned
above, corresponds to a lower bound of B, ,, =5X 10"
cm?/s. This value is more than one order of magnitude
greater than the highest 2, 5, value determined in this
work for the C-doped crystals (Table I}. These discrepan-
cies indicate dopant species dependence of IILD in p-type
SLs. In particular, they suggest that a negligible enhance-
ment of Al-Ga interdiffusion in C and some Be-doped p-type
crystals with grown-in {as opposed to diffused-in) dopants
is probably not a general effect, and as such it lacks a proper
explanation by the Fermi-level model.

The dependence of the interdiffusion efficiency on an-
nealing ambient in heavily C-doped SLs reported in this pa-
per raises additional questions with regard to the charged-
defect mode! in its present form." > The model implies that
the doping level and type, by determining the Fermi-level
position,” and the annealing atmosphere, by affecting the
crystal stoichiometry,”*® are the dominant factors controf-
ling the concentration of the charged defects which are be-
lieved to assist in Group I11 self-diffusion, namely Group 11F
vacancies { ¥,y ) and interstitials (75, ). The model predicts
that because of the electronic energy contribution to the total
free energy of a semiconductor, the layer disordering in p-
type materials proceeds via the interstitialcy mechanism in-
volving positively charged, donorlike £;;; . A strong enhance-
ment of the interdiffusion in Mg-doped SLs annealed under
Ga rich relative to As-rich surface conditions,” has seemed
to directly support such a notion. However, the unambigu-
ous trend of increasing layer intermixing with increasing
As, pressure [p(As, )] in the annealing ambient, that we
have observed for heavily C-doped p-type SLs with all ana-
Iyzed forms of surface encapsulation, obviously contradicts
the D, « [ 1/p(As,) ] dependence predicted by the
Fermi-level model.”

A plausible explanation for the observed HLD enhance-
ment under As-rich conditions is that other point defects,
and in particular As interstitial 7, and As antisite defect
Asy; become active in Al-Ga interdiffusion mechanism in
the presence of Group IV majority substitutional impurities
on the As sublattice. For example, annihilation of 7,, ona
Group 111 sublattice can generate fyy; and As,;; via the kick-
out process,

Ias = Asy + I, (1)
thus bringing about an excess nonequilibrium concentration
of Iy, defects even under { + As) anneal ambient. Since ait
the point defects in Eq. (1) are donorlike,* their solubility is
expected to be refatively high in p-type crystals. Moreover,
Conlomb interaction between the positively charged Asy,
and 7p;, as well as a Group I concentration gradient due to
the very As-rich surface which acts as a [; sink boundary,
would then enhance [y, out-diffusion and, consequently,
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layer disordering, Naturally, because of very low absolute
concentrations of the defects in Eq. (1), this process is not
expected to be as effective as may be the case for a highly
scluble and diffusive Group ¥ impurity such as Zn. The
latter species, which can be present in relatively large con-
centrations in crystal while occupying both substitutional
and interstitial sites, participate directly in diffusion of
Group 111 sublattice host and dopant atoms through the in-
terstitialcy mechanism. >

Vi. CONCLUSIONS

The first quantitative data on impurity-induced layer
intermixing of AlGaAs/GaAs SLs in heavily C-doped crys-
tals have been reported for different surface encapsulation
and annealing ambient conditions. As expected, the Si;N,
cap provided the best surface encapsulation and reduced the
extent of IILD by about one order of magnitude compared to
Soth uncapped and Si0, -capped crystals. A slight enhance-
ment of B,,¢, for [C]=8X 10" cm ™7 has been cbserved
relative to previously published results for nominally un-
doped SL structures.” However, the extent of layer intermix-
ing is quantitatively inconsistent with the Fermi-level mod-
el,>® which significantly overestimates the D, o, values.

For all surface encapsulation conditions studied, a
monotonic trend of increasing D, . Wwith increasing
p{As,) in an ampoule has been observed. This behavior is
opposite to that predicted by the charged point-defect mod-
ei¥ and, therefore, it suggests that the model in its present
form, where the A}-Ga interdiffusion in p-type crystals is
assumed to be mediated mainly by Group III interstitials,
lacks general validity.

Finally, a twofold species dependence of IILD has been
discussed: (i) a significant difference in the absolute magni-
tude of D, . in Mg vs C-doped SLs for nominaily the same
concentrations of these two acceptor impurities; and (ii) an
opposite dependence of layer intermixing on the annealing
ambient in these two cases. The species dependence is not
accounted for at all by the Fermi-level effect model®” in its
present form.
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