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The kinetics of the variation of the electron concentration in electron-irradiated (T'300 K,
E56 MeV, F<7.131017 cm22) n-Pb12xSnxSe (x50.2 and 0.25! alloys in the vicinity of the
metal-insulator transition induced by electron irradiation are investigated. The principal
parameters of the energy spectrum of the irradiated alloys are determined by comparing the
experimental and theoretical dependences of the electron concentration on fluence. It is shown that
agreement between the theoretical and experimental data is possible only under the
assumption that the defect production rate decreases with increasing fluence, and a model, within
which the main defect formation mechanism in the alloys investigated is the formation of
complexes of primary radiation defects with structural defects typical of the as-grown crystals, is
proposed. ©1998 American Institute of Physics.@S1063-7826~98!00112-4#
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INTRODUCTION

It has been reported that the electron irradiation
Pb12xSnxSe alloys leads to the appearance of a broad b
of acceptorlike radiation defects atEt in the energy spectrum
of these alloys.1,2 The position Et of the middle of the
radiation-defect band relative to the top of the valence b
~the L6

2 term! varies with increasing tin concentration in th
alloy according to an essentially linear law:Et5L6

21(87
2250•x) meV. Therefore, in alloys with an inverse spe
trum (0.19,x,0.35) the middle of the bandEt is located in
the band gap, and the production of radiation defects du
the irradiation ofn-type alloys causes the overflow of ele
trons from the conduction band into the radiation-def
bandEt ~Fig. 1!, a decrease in the free-electron concent
tion, and a metal-insulator transition under the effects
irradiation.2,3

Under these conditions an investigation of the kinetics
the variation of the electron concentration during irradiat
in the vicinity of the irradiation-induced metal-insulator tra
sition permits the determination of the radiation-defect p
duction rate and provides information on the parameters
the model of the energy spectrum of irradiated alloys and
microscopic structure of the defects. Therefore, the gen
goal of the present work was to investigate the influence
electron irradiation on the electron concentration inn-type
alloys with an inverse spectrum (x50.20 and 0.25! for the
purpose of determining the parameters of the defe
formation model and ascertaining the nature of the radia
defects in the alloys investigated.

1. MEASUREMENT METHOD AND SAMPLES

Single-crystal samples of Pb12xSnxSe, whose param
eters are listed in Table I, were irradiated at room tempe
1251063-7826/98/32(12)/4/$15.00
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ture in an ÉLU-6 electron accelerator (E56 MeV, F<7.1
31017 cm22). The temperature dependences of the resis
ity r and the Hall coefficient RH (4.2<T<300 K,
B<0.04 T), as well as the field dependences of the H
coefficient and the Shubnikov–de Haas effect atT54.2 K
(Bi^100&, B<7 T), were investigated before irradiation an
at several fluences for each sample.

The results of the measurements atT54.2 K were used
to calculate the free-electron concentration and to const
plots of the dependence of the electron concentration in
irradiated crystals on fluence.

2. DEPENDENCE OF THE ELECTRON CONCENTRATION ON
FLUENCE

Monotonic increases in the resistivity and the absol
value of the Hall coefficient, which indicate a decrease in
electron concentration in the conduction band of the all
were observed for all then-Pb12xSnxSe samples during ir-
radiation ~Fig. 2!. Distinctive oscillations of the transvers
resistivity, which attest to the highly uniform introduction o
radiation defects during irradiation, were observed in
samples investigated at all values of the fluence. The elec
concentrations calculated from the absolute value of the H
coefficient and the period of the Shubnikov–de Haas os
lations atT54.2 K coincided to within65%.

In n-Pb12xSnxSe (x50.25), in which the middle of the
radiation-defect bandEt is located in the band gap near th
top of the valence bandL6

2 , electron irradiation leads to a
decrease in the electron concentration and a metal-insu
transition at a certain fluenceF* '831017 cm22. At the
same time, in the alloys withx50.2 the rate of variation of
the electron concentration decreases appreciably with
creasing fluence, and the metal-insulator transition is not
7 © 1998 American Institute of Physics
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1258 Semiconductors 32 (12), December 1998 Skipetrov et al.
tected in the range of fluences investigated. With consid
ation of the energy diagram shown in Fig. 1, it can
assumed that the radiation-defect band in Pb12xSnxSe (x
50.2), which is located in the band gap near the bottom
the conduction bandL6* , has a substantial width an
strongly overlaps the conduction band, forming a single b
of allowed states. Just this circumstance, as well as the
initial electron concentrations in the samples, probably p
cluded reaching the metal-insulator transition during irrad
tion in the range of fluences investigated.

To determine the defect production rate during irrad
tion, as well as the parameters of the radiation-defect ban
the alloys investigated, the dependence of the electron
centration atT54.2 K on fluence was calculated in th
present work within the previously proposed model of t
energy spectrum of an alloy.2 It was assumed in performin
the calculations that the sum of the electron concentration
the conduction bandn(F) and in the radiation-defect ban
nt(F) during irradiation is equal to the initial electron co
centration in the samplen0 :

n05n~F!1nt~F!, nt~F!5E
2`

EF
gt~E! dE, ~1!

wheregt(E) is the density-of-states function in the radiatio
defect band, andEF is the Fermi energy, which was calcu
lated within Dimmock’s model4 with the dispersion-law pa
rameters given in Ref. 5.

FIG. 1. Energy spectrum of electron-irradiated Pb12xSnxSe alloys with an
inverse spectrum.

TABLE I. Parameters of the Pb12xSnxSe samples investigated a
T54.2 K.

r•104, uRHu, N•10217, mH•1025,
Sample x Type V•cm cm3/C cm23 cm2/V•s

W-4 0.2 n 4.4 2.3 26.7 0.053
W-14 0.2 n 4.9 2.7 22.9 0.056
W-3 0.25 n 17.6 13.4 4.7 0.076
W-6 0.25 n 13.9 15.4 4.1 0.111
r-
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In the first stage of the calculations it was also assum
that the radiation-defect production ratedND /dF does not
depend on fluence, that the total capacity of the radiati
defect band depends linearly on fluence, i.
Nt5F(dNt /dF), and that the density-of-states function
the radiation-defect bandgt(E) can be approximated by
Gaussian curve:

gt~E!5
Nt

sA2p
expF2

~E2Et!
2

2s2 G , ~2!

wheres is the width of the radiation-defect band.
The preliminary calculations showed that variation

the model parameters (n0 , dNt /dF, Et , and s) does not
permit achieving satisfactory agreement between the theo
ical and experimentaln(F) curves for the samples with
x50.2. In addition, an independent determination of the n
merical values of all the parameters of the radiation-def
band in Pb12xSnxSe (x50.2 and 0.25! turned out to be ex-
tremely difficult because of the low sensitivity of the depe
dence of the electron concentration on fluence to the par
etersEt and s. Therefore, when the results of calculatio
and experimental data were compared, the position of
middle of the radiation-defect bandEt relative to the bottom
of the conduction was calculated in accordance with
formula2 Et5L6

21(872250)•x meV, the characteristic
value of the resonance band widths (s'18 meV) for
electron-irradiated Pb12xSnxSe alloys (0.07<x<0.34) was
taken, and only the defect production ratedNt /dF and the
initial electron concentrationn0 were varied.

FIG. 2. Dependence of the electron concentration inn-Pb12xSnxSe (x
50.25 and 0.2! at T54.2 K on fluence. Solid lines — calculation with th
parameters listed in Table II. Samples:1 — W-6, 2 — W-14, 3 — W-4.
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The theoretical plots ofn(F) thus obtained are depicte
by the solid lines in Fig. 2, and the parameters of the mo
for each of the samples investigated are listed in Table
The defect production rate during irradiation was the sa
for all the samples, but while the agreement between the
and experiment can be considered satisfactory for the sam
with x50.25, the theoreticaln(F) curves for the sample
with x50.2 deviate significantly from the experiment
points at low fluences and suggest the existence of a tra
tion to the insulator state in the range of fluences inve
gated.

3. MODEL OF DEFECT FORMATION DURING ELECTRON
IRRADIATION

An analysis of the theoreticaln(F) curves with varia-
tion of the model parameters showed that the theoretical
experimental data can be reconciled only if it is assumed
the radiation-defect production rate decreases with increa
fluence.

The phenomenon of a decrease in the defect produc
rate during electron andg irradiation is well known in clas-
sical Ge and Si semiconductors and is associated with
formation of complexes of the primary radiation defects~va-
cancies! with impurity atoms in them. For example, in ge
manium doped with group-V impurities the formation of r
diation defects duringg and electron irradiation is describe
as a consecutive-parallel reaction of vacancies (V) with do-
nor impurity atoms (D) and donor1vacancy complexes
(DV):6–10

D1V→
K1

DV, DV1V→
K2

DVV, ~3!

whereK1 andK2 are the rate constants of the reactions
sulting in the formation of donor1vacancy and dono
12 vacancies complexes, respectively.

In this caseK1.K2 , and the accumulation of electr
cally neutral DV complexes is dominant at first~before
n2p conversion!. As the fluence is increased further, th
concentration ofDV complexes as the intermediate produ
decreases, and the concentration ofDVV complexes in-
creases and tends to a limiting value equal to the concen
tion of the donor impurity. In the initial stage the domina
defect formation mechanism is the formation ofDV com-
plexes. At this point the defect production rate decrea
with increasing fluence as a result of the decrease in
concentration of electrically active donors, and the elect
concentrationn(F) decreases according to an exponen
law ~see the inset in Fig. 3!:

n~F!5n0 exp~2K•F/n0!, ~4!

TABLE II. Parameters of the defect formation model for electron-irradia
Pb12xSnxSe alloys withNt5F•dNt /dF.

Ec2Et , s, n0 , dNt /dF,
No. Sample x meV meV cm23 cm21

1 W-6 0.25 60 18 4.031017 6.0
2 W-14 0.20 6 18 2.031018 6.0
3 W-4 0.20 6 18 2.031018 6.0
el
I.
e
ry
le

si-
i-

nd
at
ng

on

he

-

t

ra-

s
e
n
l

dn/dF52K exp~2K•F/n0!, ~5!

NDV~F!5ND~12exp~2K•F/ND!!, ~6!

dNDV /dF5K exp~2K•F/ND!, ~7!

whereK is the initial rate of decrease in the electron conce
tration ~the initial defect production rate!, ND is the concen-
tration of donors, andNDV is the concentration ofDV com-
plexes.

Plotting the experimental data for the electron conc
tration in electron-irradiated samples of Pb12xSnxSe (x
50.2 and 0.25! in logarithmic coordinates gave curve
whose initial segments, where the Fermi level is still fair
high in the conduction band~Fig. 1!, are described well by
straight lines~Fig. 3!. Just as in the case of germanium dop
by group-V donors, the slope of the straight lines increa
with decreasing initial electron concentrations in the samp
in correspondence to the approximately identical initial ra
of decrease in the electron concentration during irradiat
for all the samples. The obvious similarity among then(F)
curves shown in Fig. 3 allows us to presume that the prin
pal defect formation mechanism in Pb12xSnxSe alloys is the
formation of complexes of the primary radiation defects w
the structural defects characteristic of the unirradiated c
tals. This circumstance allows us to calculate then(F)
curves using dependences of the radiation-defect density
production rate on fluence in forms similar to~6! and ~7!:

FIG. 3. Dependence of the electron concentration inn-Pb12xSnxSe (x
50.25 and 0.2! and in antimony-doped Ge10 ~inset! on electron flux.
Samples:1 — W-6, 2 — W-14, 3 — W-4.
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Nt~F!5Nd~12exp~2K•F/Nd!!, ~8!

dNt /dF5K exp~2K•F/Nd!, ~9!

whereNd is the concentration of the structural defects ch
acteristic of the as-grown crystals andK is the initial defect
production rate.

Variation of the parametersK andNd enabled us to ob-
tain satisfactory agreement between theory and experim
within the model of the energy spectrum of Pb12xSnxSe
alloys in Fig. 1 for all the samples investigated~Fig. 4!. The
parameters of the model for each of the samples are liste
Table III.

FIG. 4. Dependence of the electron concentration inn-Pb12xSnxSe (x
50.25 and 0.2! at T54.2 K on fluence. Solid lines — calculation with th
parameters listed in Table III. Samples:1 — W-6, 2 — W-14, 3 — W-4.

TABLE III. Parameters of the defect formation model for electro
irradiated Pb12xSnxSe alloys withNt5Nd(12exp(2K•F/Nd)).

Ec2Et , s, n0 , K, Nd ,
No. Sample x meV meV cm23 cm21 cm23

1 W-6 0.25 60 18 4.2031017 10.1 6.531017

2 W-14 0.20 6 18 2.1931018 12.0 2.131018

3 W-4 0.20 6 18 2.7531018 12.0 2.531018
-

nt

in

In conclusion, we note that the concrete microsco
structure of the complexes formed during electron irradiat
of the Pb12xSnxSe alloys investigated is still not clear. How
ever, taking into account that electron irradiation leads to
formation of an unfilled radiation-defect band atEt and a
decrease in the free-electron concentration with a high in
rate dn/dF'10 cm21, we can assume that the complex
have an acceptor character and contain selenium vacan
~in the free state a selenium vacancy is a source of two e
trons!. The analogs of the donor impurity atoms in Ge in t
case of undoped Pb12xSnxSe alloys can include any struc
tural defects, i.e., atoms of an unmonitored impurity~for
example, oxygen!, dislocations, and even vacancies whi
existed in the as-grown unirradiated crystals.

CONCLUSION

Thus, a decrease in the defect production rate with
creasing fluence has been discovered in the present w
during the high-dose electron irradiation ofn-Pb12xSnnSe
(x50.2 and 0.25!. The experimental plots of the electro
concentration in the alloys investigated as a function of fl
ence have been compared with the theoretical curves wi
a model of the energy spectrum of electron-irradia
Pb12xSnxSe alloys, and the principal parameters of t
model have been determined. A model of defect format
during the electron irradiation of alloys, which presumes
formation of complexes of the primary radiation defects w
structural defects characteristic of the as-grown unirradia
crystals, has been proposed.
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investigated with fast electrons.
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Influence of oxygen on the ion-beam synthesis of silicon carbide buried
layers in silicon

V. V. Artamanov, M. Ya. Valakh, N. I. Klyu , V. P. Mel’nik, A. B. Romanyuk,
B. N. Romanyuk, and V. A. Yukhimchuk
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~Submitted March 16, 1998; accepted for publication April 2, 1998!
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The properties of silicon structures with silicon carbide~SiC! buried layers produced by high-
dose carbon implantation followed by a high-temperature anneal are investigated by
Raman and infrared spectroscopy. The influence of the coimplantation of oxygen on the features
of SiC buried layer formation is also studied. It is shown that in identical implantation and
post-implantation annealing regimes a SiC buried layer forms more efficiently in CZ Si wafers or
in Si ~CZ or FZ! subjected to the coimplantation of oxygen. Thus, oxygen promotes SiC
layer formation as a result of the formation of SiOx precipitates and accommodation of the volume
change in the region where the SiC phase forms. Carbon segregation and the formation of
an amorphous carbon film on the SiC grain boundaries are also discovered. ©1998 American
Institute of Physics.@S1063-7826~98!00212-9#
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1. INTRODUCTION

Silicon carbide~SiC! is unquestionably one of the mo
promising materials in modern electronics. Silicon carbide
a wide-gap semiconductor~its gap width varies from 2.3 to
3.3 eV, depending on polytype! and exhibits high thermal
radiation, and chemical stability.1,2 Along with the possibil-
ity of altering the type of conduction and the mobility of i
charge carriers, these properties determine the areas fo
practical application of SiC: from light-emitting diodes
high-temperature high-speed transistors.2–4

One promising method for synthesizing SiC is the hig
dose implantation of oxygen ions in silicon.5–9 Along with a
low degree of contamination and comparatively low synt
sis temperatures, this method makes it possible to crea
SiC layer at a required depth by varying the energy of
implanted ions. Silicon structures with a SiC buried lay
formed by ion implantation can serve as SOI~silicon-on-
insulator! structures, which have definite advantages over
conventional structures with a SiO2 buried layer obtained by
SIMOX ~separation by implanted oxygen!.10 The primary
advantages are the significantly higher radiation stability
thermal conductivity of a SiC buried layer, which enab
devices to function under more severe conditions. The pr
ising nature of the use of SiC layers in Si formed by i
implantation as substrates for the subsequent depositio
SiC epitaxial films or diamondlike films has been reported
several publications.6,11 On the other hand, a SiC burie
layer obtained under definite conditions can serve as a
layer for the etching of silicon in a technology used to p
duce various sensors.8

Most of the studies devoted to the investigation of t
ion-beam synthesis of SiC buried layers focused on the
fluence of the implantation and postimplantation annea
temperatures, the energy and dose of the implanted ions
1261063-7826/98/32(12)/5/$15.00
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the substrate orientation on the properties of the la
obtained.5–8

We previously demonstrated the significant stimulati
effect of impurity carbon on the formation of a SiO2 buried
layer in silicon.12 Conversely, oxygen influences the form
tion of SiC layers.9

In this context the purpose of the present work was
investigate the influence of oxygen on SiC buried layer f
mation in silicon during high-dose carbon implantation a
function of the postimplantation annealing conditions.

2. EXPERIMENT

Wafers ofp-Si~100! grown by the float-zone techniqu
~FZ Si! and Czochralski silicon~CZ Si! were investigated.
The oxygen concentration in the as-grown FZ Si and CZ
wafers was<1016 and 631017 cm23, respectively. The Si
wafers were implanted by 125 keV C1 ions at a dose of
4.331017 cm22. The ion-beam current density did not e
ceed 2mA/cm2. During implantation, the wafers were add
tionally heated on their rear side to 500 °C by halogen lam
Some wafers were coimplanted by 150 keV O1 ions at a
dose of 231016 cm22. After implantation, the wafers were
subjected to a high-temperature anneal at 1180 or 1250
for 4 h in anargon atmosphere.

The infrared~IR! absorption spectra were measured
an IFS-113v Fourier spectrometer with a spectral resolu
of 2 cm21. The Raman spectra were measured using an
tomated system based on a DFS-24 spectrometer. A co
FÉU-136 photomultiplier operating in the photon-countin
mode served as the detector. The spectra were excited b
argon laser (l5474.4, 487.9, 496.5, and 514.5 nm!. To
avoid heating the sample during the recording of the Ram
spectra, the laser radiation was focused on the sample
cylindrical lens, and the total power of the exciting radiati
1 © 1998 American Institute of Physics
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did not exceed 100 mW. All the measurements were p
formed at room temperature.

3. RESULTS AND DISCUSSION

Figure 1a presents the IR absorption spectra of FZ Si
CZ Si wafers after the implantation of carbon atoms. The
Si samples display three characteristic bands at 600, 800
1100 cm21. The band at 600 cm21 corresponds to vibration
of Si–C bonds, whose carbon atom is found in a subst
tional position in the silicon lattice. The band at 1100 cm21

is characteristic of oxygen-containing Si and correspond
vibrations of Si–O–Si bonds. The presence of the band
800 cm21, which is characteristic of Si–C bonds in the si
con carbide lattice, attests to the formation of a SiC bur
layer right in the implantation process. We note that
spectrum of an implanted FZ Si wafer is similar as a wh
to the one just described, but the band at 1100 cm21 is es-
sentially absent due to the low concentration of oxygen
the as-grown wafer. In addition, the intensity of the band
800 cm21 is smaller than for CZ Si.

Annealing the implanted structures atT51250 °C leads
to a sharp increase in the intensity and narrowing of the b
at 800 cm21, attesting to an increase in the content of t
SiC phase and its crystallization~Fig. 1b!. More efficient
formation of the SiC phase takes place in the CZ Si wafe
as is manifested by the significant increase in absorptio
800 cm21 in comparison to the FZ Si wafers. The relativ

FIG. 1. IR absorption spectra of FZ Si~1! and CZ Si~2! wafers: a — after
C1 implantation without annealing; b — after implantation by C1 ions and
coimplantation by C1 and O1 ions followed by annealing atT51250 °C.
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content of the crystalline phase of SiC is also increased
fact, decomposition of the band at 800 cm21 into two el-
ementary bands corresponding to SiC in the amorphous
crystalline states13 gives the following values for the ratio
between the integrated intensities of the ‘‘amorphous’’ a
‘‘crystalline’’ bands: I a /I c52.9 for CZ Si and 5.13 for
FZ Si, respectively.

The results obtained can be interpreted within the f
lowing model. It is known that the synthesis of SiC layers
a Si matrix should be accompanied by a considerable
crease in the crystal volume in the region where the S
phase forms~by 48%!.7 On the other hand, the formation o
precipitates or a phase of SiO2 in Si is accompanied by an
increase in the crystal volume.14 For example, in the case o
the formation of a continuous SiO2 buried layer, the volume
should increase by 2.25 fold.6,14 Clearly, when another phas
forms in Si, processes which permit minimization of the fr
energy of the system are thermodynamically more adva
geous. When SiC buried layers are synthesized in Si,
situation is realized for CZ Si wafers containing a lar
quantity of oxygen in the as-grown state. During the impla
tation and annealing of the CZ Si wafers, the SiO2 precipi-
tates forming in the region for formation of the SiC pha
permit accommodation of the volume change and a decre
in the free energy of the system. More efficient formation
the SiC phase occurs as a result. In this case, the inters
silicon atoms (Sii) produced upon replacement of a Si un
cell by ab-SiC unit cell6,7 interact with oxygen atoms in the
free volume created to form SiOx precipitates. During the
postimplantation anneal, the dimensions of the SiOx precipi-
tates increase, and the excess oxygen is pushed out ont
boundaries of the SiC layer formed.9 This model is supported
by the fact the formation of a SiC phase is more efficient
oxygen-containing silicon already immediately after impla
tation ~Fig. 1a!. We note that since a SiC buried layer al
forms in oxygen-free silicon, the model proposed in Refs
and 7 is most likely operating in this case. In this model,
a result of the interaction of interstitial Si atoms with arrivin
C atoms in the free volume formed, one Si unit cell is r
placed by twob-SiC cells. As a result, the change~increase!
in volume should amount to only 3.25%.6,7

The contributions of the mechanisms described abov
the formation of a SiC phase should depend significantly
the oxygen concentration and should be controlled by
relation between the diffusion coefficients or oxygen a
carbon and the critical radii of the SiO2 and SiC precipitates

In order to test the proposed model, experiments w
carried out to study the influence of the coimplantation
oxygen~before annealing! on the efficiency of the formation
of a SiC phase in FZ Si and CZ Si wafers.

The IR absorption spectra of structures annealed
T51250 °C after the coimplantation of oxygen are shown
Fig. 1b. As we see, there are essentially no differences in
shape, width, and intensity of the band at 800 cm21 for
CZ Si and FZ Si wafers in this case, and the parameter
the band at 800 cm21 are close to the corresponding valu
for CZ Si wafers without the coimplantation of oxygen~Fig.
1b!. Thus, the coimplantation of O1 ions stimulates the for-
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FIG. 2. Raman spectra of CZ Si~a! and FZ Si~b! wafers:1 — as-grown samples,2 — after implantation of C1 ions,3 — after implantation of C1 ions and
annealing atT51250°C,4 — after coimplantation of C1 and O1 and annealing atT51250 °C.
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mation of a SiC phase in FZ Si wafers, in support of t
model proposed above.

It is noteworthy that no changes were observed in the
transmission spectra of FZ Si wafers after the coimplanta
of oxygen and an anneal atT51180 °C. Thus, the postim
plantation anneal temperature is the most important par
eter determining the kinetics of SiC buried layer formatio
The dimensions of the SiOx precipitates are clearly small fo
lower anneal temperatures14 and do not permit compensatio
of the volume change in the region where the SiC ph
forms.

An important characteristic of silicon structures with S
buried layers is the presence of internal mechanical stre
in them. An investigation of these stresses, especially t
spatial distribution, can provide important information f
understanding the mechanisms underlying SiC buried la
formation. A picture of the processes leading to structu
reorganization in the buried layer can be derived from
magnitude and sign of the mechanical stresses. We inv
gated the distribution of the mechanical stresses in struct
with a SiC buried layer using Raman scattering. Figure
presents the Raman spectra of as-grown samples of F
and CZ Si, as well as structures subjected to implantation
C1 ions and a high-temperature postimplantation ann
The spectra of the as-grown samples~curves1! exhibit a
band at;522 cm21, which is typical of Si and correspond
to scattering by long-wavelength Brillouin-zone-center op
cal phonons. A red shift and broadening of this band
observed after implantation as a result of structural disord
ing ~curves2!. The postimplantation anneal, which partial
restores the structure of the implanted layer, leads to narr
R
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ing and reverse displacement of the band under discussio
the Raman spectrum~curves3!. As a whole, the form of the
Raman spectra for the as-grown, implanted, and anne
samples of FZ Si and CZ Si is similar. The only differenc
are the small red shift of the band for FZ Si and the blue s
for CZ Si relative to the original spectrum. These shifts a
evidence of the presence of tensile stresses in an FZ Si w
and compressive stresses in a CZ Si wafer after SiC bu
layer formation. These findings can be explained in
following manner on the basis of the model proposed abo
In an FZ Si wafer tensile stresses appear in the SiC la
itself as a result of the decrease in volume in the reg
where the SiC phase forms. As a result, the near-surfac
overlayer is also subjected to tensile stresses. In CZ Si
fers the formation of SiOx precipitates in the region wher
the SiC phase forms leads to overcompensation of the ten
stresses and the appearance of compressive stresses in
the SiC layer and in the near-surface Si layer. This conc
sion is supported by the results of investigations of the s
tial ~with respect to depth in the sample! distribution of the
mechanical stresses. In this case the Raman spectra of s
tures subjected to implantation and annealing were meas
with excitation by laser radiation at a different waveleng
The thickness of the layer tested as a function of the abs
tion coefficient of Si wasd}1/2a, wherea is the absorption
coefficient for the exciting radiation. The magnitude and s
of the mechanical stresses were estimated from the shi
the band at 522 cm21 using the known formula15

s @Pa#522.493108Dn, ~1!

whereDn is the shift of the Raman band in cm21.
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The results obtained are presented in Fig. 3. It is s
that compressive stresses are observed for the CZ Si w
with a SiC buried layer over essentially the entire reg
tested down tod'350 nm. At the same time, the stresses
the FZ Si wafer are tensile and increase sharply as we
proach the region where the SiC layer forms. We note t
the mean projected range and rms straggling of carbon at
in silicon at the implantation energy used are 330 and 70
respectively.

As was noted above, the coimplantation of O1 ions in an
FZ Si wafer before the high-temperature anneal stimula
the formation of a SiC phase~Fig. 1b!. In this case the Ra
man spectrum~Fig. 2b, curve4! and the spatial distribution
of the mechanical stresses in such a structure become si
to those observed for CZ Si~Fig. 3, curve2!. The precipita-
tion of implanted oxygen in the regions for nucleation a
growth of the SiC layer, which leads to overcompensation
the tensile stresses and the appearance of compre
stresses, clearly also takes place here.

It should be noted that the Raman spectra of the sam
of both types~both CZ Si and FZ Si! recorded after the
implantation of C1 ions and after annealing did not conta
the bands at 760–800 and 965– 975 cm21 which correspond
to scattering by TO and LO phonons in SiC.16,17 This is due
primarily to the substantial absorption of the laser radiat
in the near-surface Si layer. In addition, the small cross s
tion for scattering by phonons in SiC should be taken i
account. After removal of the near-surface Si layer in a p
ishing etch, the Raman spectra of C1-implanted and an-
nealed samples of CZ Si and FZ Si displayed a clearly
pressed band in the range 770– 780 cm21 ~Fig. 4!. We stress

FIG. 3. Spatial distribution of mechanical stresses in structures with a
buried layer after annealing atT51250 °C:1 — C1-implanted CZ Si,2 —
C1-implanted FZ Si,3 — C1/O1-implanted FZ Si.
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that the implantation and annealing regimes which we e
ployed correspond completely to the conditions for the f
mation of an effective SiC stop layer during the etching
silicon.8 Thus, the signal observed at 770– 780 cm21 was
produced by a silicon carbide layer and corresponds to
phonons.16,17 The bands in the Raman spectra of the CZ
and FZ Si samples are at;772 and;774 cm21, respec-
tively. The Raman spectra were not investigated in the
gion of SiC LO phonons (965– 975 cm21) because of the
juxtaposition of a second-order Si scattering band. As can
seen from the spectra in Fig. 4, the wave numbers of
Raman bands are considerably lower than the values for
TO phonon in the spectrum of 3C-SiC (796 cm21, Refs. 16
and 17! and approximate the position of one of the TO pea
in the Raman spectrum of 6H-Si.16 At the same time, the
peaks that we observed cannot be assigned to 6H-SiC for the
following reasons. For one thing, according to the x-ray d
fraction data, the SiC layer that we synthesized had a mic
crystalline structure and consisted ofb-SiC grains. In addi-
tion, according to the data in Ref. 6, inclusions
precipitates of 6H-SiC can form in a structure with a SiC
buried layer only in the near-surface Si layer. As we ha
already noted, this layer was removed in a polishing etch
was confirmed by the results of an Auger analysis~which are
not presented!.

In our opinion, the observed red shift of the band cor
sponding to theb-SiC TO phonon can be explained in th
following manner. According to data from transmission ele
tron microscopy, the microcrystallites in the SiC layer th
we synthesized measured;10220 nm. When SiC particles
are of such size, the band at 796 cm21 undergoes a consid
erable red shift.17 Sasakiet al.17 explained this shift within a
model that takes into account the structural imperfection
the near-surface layer of small SiC particles, which leads
‘‘softening’’ of the TO phonon. In our opinion, the observe
red shift of the band being analyzed can also be associ
with the presence of considerable mechanical stresses
SiC-microcrystallite/carbon-film interface. The formation
an amorphous carbon film on the grain boundaries in the
layer is evidenced by the Raman spectra measured in
range 1300– 1550 cm21, which are shown in Fig. 5. We not

C

FIG. 4. Spectra of structures with a SiC layer after removal of the ne
surface Si film:1 — FZ Si, 2 — CZ Si.
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that these spectra were also measured on samples w
near-surface Si layer removed by etching. The Raman s
tra shown in Fig. 5 clearly display two bands at;1370 and
1460 cm21. These bands are close in wave number to thD
~‘‘disordered’’! and G ~‘‘graphitic’’ ! bands in the Raman
spectra of amorphous carbon films.18 Thus, it can be con-
cluded that the synthesis of SiC buried layers is accompa
by the segregation of carbon on the boundaries of the
microcrystallites with the formation of an amorphous carb
film. The presence of such a film will clearly prevent th
growth and coalescence of SiC particles. The differences
tween the Raman spectra of the CZ Si and FZ Si sample
the region 1300– 1350 cm21 ~Fig. 5! are noteworthy in this
context. While theD bands of both samples essentially c
incide, theG band of the FZ Si sample is much more inten
than the corresponding band for CZ Si. This is evidence
the following. First, more carbon atoms reach the gr
boundaries and form a carbon film during the formation
the SiC layer in FZ Si wafers. Second, the greater inten
of the G band for FZ Si indicates a greater content of t
graphitic phase, which is the thermodynamically most sta
allotropic form of carbon. These two factors will impede t
efficient growth of a SiC layer. In fact, as can be seen fr
Fig. 4, the intensity of the band for scattering by SiC T
phonons is much higher in the Raman spectrum of the CZ
sample than in that of the FZ Si sample. In addition, as
been noted repeatedly above, these differences are cl
displayed in the IR absorption spectra of CZ Si and FZ
wafers without the coimplantation of oxygen~Fig. 1b!.

FIG. 5. Raman spectra of structures with a SiC layer after removal of
near-surface Si film in the region for the manifestation of C–C bonds.
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4. CONCLUSION

1. During the ion-beam synthesis of SiC buried layers
Si, oxygen promotes formation of the SiC phase as a re
of the formation of SiOx precipitates and accommodation
the free volume created. Overcompensation of the ten
mechanical stresses and the appearance of compre
stresses in the near-surface silicon layer are observed du
this process.

2. The coimplantation of oxygen ions in oxygen-fre
silicon ~FZ Si! permits the creation of conditions for th
formation of a SiC phase similar to those in CZ Si.

3. The formation of a SiC buried layer is accompani
by the segregation of carbon followed by the formation of
amorphous carbon film on the SiC grain boundaries. T
formation of ana-C film is one of the factors preventing th
coalescence of SiC precipitates.

1G. L. Garris,Properties of Silicon Carbide, INSPEC, London~1995!.
2G. Pensl and T. Troffer, Solid State Phenom.45–48, 115 ~1996!.
3P. A. Ivanov and V. E. Chelnokov, Semicond. Sci. Technol.7, 863~1992!.
4J. W. Palmour, J. A. Edmond, H. S. Kong, and C. H. Carter Jr., Physic
185, 461 ~1993!.

5L. T. Canham, M. R. Dyball, and K. G. Barraclough, Mater. Sci. Eng.,
4, 951 ~1990!.

6K. J. Reeson, J. Stoemenos, and P. L. F. Hemment, Thin Solid Films191,
147 ~1990!.

7A. Nejim, P. L. F. Hemment, and J. Stoemenos, Appl. Phys. Lett.66, 2646
~1995!.

8C. Serre, A. Perez-Rodriguez, and A. Romano-Rodriguez, inProceedings
of the International Conference on Ion Implantation Technology, Catan
1994 ~Elsevier, Amsterdam, 1995!, p. 32.

9N. I. Klyui, D. Kruger, B. N. Romanyuk, V. G. Litovchenko, and
H. Richter, Solid State Phenom.47–48, 211 ~1996!.

10A. Auberton-Herve, A. Witkower, and B. Aspar, Nucl. Instrum. Metho
Phys. Res. B96, 420 ~1995!.

11L. T. Canham, K. G. Barnaclough, and D. J. Roberts, Appl. Phys. Lett.51,
1509 ~1987!.

12B. N. Romanyuk, V. P. Mel’nik, R. I. Marchenko, and N. I. Klyu�, Pov-
erkhnost’, No. 1, 83~1993!.

13P. A. Aleksandrov, E. K. Baranova, A. E. Gorodetski�, K. D. Demakov,
O. G. Kutukova, and S. G. Shemardov, Fiz. Tekh. Poluprovodn.22, 731
~1988! @Sov. Phys. Semicond.22, 455 ~1988!#.

14S. L. Ellingboe and M. C. Ridgway, Mater. Sci. Eng., B29, 29 ~1995!.
15J. Takahashi and T. Makino, J. Appl. Phys.63, 87 ~1988!.
16H. Okumura, E. Sakuma, J. H. Lee, H. Mukaida, S. Misawa, K. Endo,

S. Yishida, J. Appl. Phys.61, 1134~1987!.
17Y. Sasaki, Y. Nishima, M. Sato, and K. Okumura, Phys. Rev. B40,

17 621~1989!.
18M. Yoshikawa, Mater. Sci. Forum52&53, 365 ~1989!.

Translated by P. Shelnitz

e



SEMICONDUCTORS VOLUME 32, NUMBER 12 DECEMBER 1998
Model of the redistribution of erbium during the solid-phase epitaxial crystallization
of silicon
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A quantitative model of the redistribution of rare-earth-ion impurities during the solid-phase
epitaxial crystallization of Si layers amorphized by implantation is developed. The parameters of
the model include the segregation coefficientk and the width of the transition layer. The
movement of the crystallization front toward the surface is accompanied by an increase in the
segregation coefficient at a rate which can be characterized by the ratio of the thickness
of the recrystallization layer to the width of the transition layer. The increase ink is attributed to
defect accumulation in the transition layer. In the case of a thin Er-containing amorphous
layer, the segregation coefficient does not reachk51, because the impurity is driven back toward
the surface. In the case of a thicker Er-containing layer, the segregation coefficient exceeds
k51 and prevents the accumulation of impurity atoms near the surface. ©1998 American
Institute of Physics.@S1063-7826~98!00312-3#
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The fabrication of light-emitting structures from rar
earth-doped silicon is of current interest.1 The implantation
of rare-earth~RE! ions at doses exceeding the amorphizat
dose followed by an anneal, during which restoration of
crystal structure takes place according to the mechanism
solid-phase epitaxy~SPE! is employed to raise the concen
tration of optically active centers.2,3 The SPE process is ac
companied by redistribution of the implanted impurity as
consequence of the segregation and trapping processe
curring on the moving single-crystal/amorphous-layer (c/a)
interface. The character of this redistribution depends on
implantation conditions~energy, dose, temperature, and ta
get orientation! and the annealing conditions~energy supply
method, temperature, and duration! but is determined prima
rily by the type of impurity.3,4 Slowly diffusing dopants with
a high solubility in single-crystal silicon, such as B, P, A
and Sb, scarcely undergo redistribution, and the segrega
coefficientk'1. Rapidly diffusing transition-metal impuri
ties with a low solubility inc-Si, such as Au, Ag, and Cu, ar
characterized by driving of the impurity back (k!1) with
the formation of a concentration peak in the amorpho
phase ahead of the crystallization front, which leads to
mination of the SPE process at high concentrations. A
ferent type of behavior is observed for In and Ga impuriti
which are completely trapped in Si at low concentratio
(k'1) and form narrow segregation peaks that move
gether with the crystallization front toward the crystal su
face at large concentrations (k,1). A further increase in
concentration can be accompanied by liquid-phase cryst
zation.

The behavior of impurities of the rare-earth elements
and Pr in Si differs significantly from that of the impuritie
cited above.4,5 At small amorphizing implantation doses on
a small part of the impurity passes into the crystal (k!1). At
higher doses the crystallization process is characterized
1261063-7826/98/32(12)/4/$15.00
n
e
of

oc-

e
-

,
on

s
r-
f-
,
s
-

-

li-

r

by

enhancement of the trapping of Er by the recrystallized la
(k increases from 0.01 to 0.2! accompanied by accumulatio
of the impurity near the surface. Finally, at implantatio
doses at which the concentration of Er trapped by the rec
tallized layer exceeds a certain critical value, termination
the SPE crystallization process with twin formation tak
place.6 This critical value decreases with annealing tempe
ture from 1.231020 cm23 at 600 °C to 631019 cm23 at
900 °C. Polmanet al.4,5 showed that the increase in the se
regation coefficient of Er with increasing implantation do
is not associated with variation of the SPE crystallizati
rate. This allowed us to conclude that segregation is c
trolled by equilibrium thermodynamic processes, rather th
by kinetic trapping. Within the qualitative phenomenologic
model that they proposed, the variation ofk is attributed to
the presence of traps for RE ions ina-Si. An abrupt change
in k occurs when the traps are filled. At this point the amou
of impurity in the concentration peak becomes higher th
631013 cm22, which corresponds to a volume density equ
to 331020 cm23. The proposed model does not provide
explanation for the results of the experiments in Refs. 7
in which there was no accumulation of Er near the surfa

The purpose of the present work is to develop a qua
tative model of the segregation of rare-earth-ion impurit
during the SPE crystallization of amorphized silicon laye

The SPE crystallization of amorphized silicon is o
served already at fairly low annealing temperatures (4
2500 °C!, at which the diffusion processes in both the cry
tal and the amorphous layer are negligibly weak. Accord
to the current ideas regarding the mechanism of SPE,2,3 the
SPE crystallization rate is limited by the diffusion of matr
atoms in a thin transition layer, in which the amorpho
phase transforms into the crystalline phase. It was show
Refs. 4 and 5 that the diffusion coefficient of Er impuri
ions is more than three orders of magnitude higher in
6 © 1998 American Institute of Physics
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FIG. 1. Concentration profiles of Er in Si~100! after ion implantation atE5250 keV and annealing (600 °C, 15 min!. Curves1–3 ~in a–c! — experiment in
Ref. 5, implantation dose, cm22: 1 — 731012, 2 — 731013, 3 — 731014; curves18–38 — calculation: a —k5k(Q); b — k5k(C) for Ci5131018 cm23

(18), 131019 cm23 (28), and 131020 cm23 (38); c — k5k(x) for k050.01,ks52.5, andL580 nm.
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a-Si layer with a thickness of about 10 nm near the S
crystallization front than in the remainder of the amorpho
layer. We suggest that this transition layer can be regarde
an analog of the molten zone in the case of liquid-ph
crystallization, where the diffusion coefficient of an impuri
is much higher in the liquid phase than in the solid pha
However, the known equations of the theory of liquid-pha
crystallization10,11 cannot be used to describe SPE, since
segregation coefficient varies during motion of the SPE cr
tallization front. The inhomogeneous initial distribution
the impurity after ion implantation must also be taken in
account.

The variation of the concentration of the impurity in th
transition layerCa(y) during SPE crystallization is deter
mined from the detailed balance of the impurity between
transition layer, the amorphous phase, and the crysta
phase and is described by the differential equation

dCa~y!/dy5~C0~y!2kCa~y!!/L, ~1!

wherey5xa2x is the current thickness of the recrystallize
layer measured from the initial boundary of the amorpho
layer xa , x is the current coordinate measured from t
sample surface,C0(y) is the initial distribution of the impu-
rity in the amorphous layer before recrystallization, andL is
the width of the transition layer. The boundary condition f
Eq. ~1! has the form

Ca~0!5F E
0

L

C0~y! dyG Y L. ~2!

Equation~1! is valid at x>L. When the crystallization
front approaches the surface to within a distance equal to
width of the transition layerL, zone crystallization gives way
to directed crystallization. The variation of the impurity co
centration in the transition layer atx<L is described in this
case by the equation
E
s
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dCa~z!/dz5~12k!Ca~z!/~L2z!, ~3!

wherez5L2x is the current thickness of the recrystallize
layer measured from a point at a distancex5L from the
surface. The boundary condition for Eq.~3! is the solution of
Eq. ~1! for x5L:

Ca~0!5Ca~xa2L !. ~4!

In both crystallization variants segregation is assumed
be an equilibrium process, and the concentration of the
purity in the recrystallized layer is defined as

C~x!5kCa~x!. ~5!

The problem~1!–~5! with the segregation coefficientk,
which varies during movement of the SPE crystallizati
front, was solved numerically by a finite-difference metho

The experimental results of Ref. 5 were analyzed. In t
study Er ions with an energyE5250 keV were implanted a
various doses in an amorphized silicon layer of thickn
xa50.35mm, which was created by the preliminary impla
tation of Si1 ions. In the calculations the original distributio
profile of Er was described by a Gaussian distribution w
the parametersRp50.102mm and DRp50.027mm.12 The
concentration profiles were calculated for a segregation
efficient specified in accordance with the phenomenolog
model in Refs. 4 and 5 by the amount of the impurity in t
transition layer ahead of the crystallization front:k50.01
when Qa,Qi , and k50.2 when Qa>Qi , where Qi56
31013 cm22. As can be seen from Fig. 1a, calculated curv
18–38 give a very rough approximation of experimental d
tributions1–3.

Various monotonic dependences of the segregation c
ficient on the impurity concentration in the transition laye
viz., linear, power-law, and exponential dependences, w
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FIG. 2. Concentration profiles of Er in Si~100! after ion implantation atE5500 keV and a doseQ5831014 cm22 before ~1! and after~2! annealing.
1, 2 — experiment in Ref. 9;3–5 — calculation withk5k(C) for Ci5131019 cm23 ~3!, 131020 cm23 ~4!, and 131021 cm23 ~5!; 6–8 — calculation with
k5k(x) for k050.005,ks52.5, and various values ofL, nm: 6 — 15, 7 — 27, 8 — 50.
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tested as possibilities for the next approximation instead
the stepwise form ofk(Qa). The best dependence had t
form

k~Ca!5k0 exp~Ca /Ci !, ~6!

wherek0 is the initial value of the segregation coefficient
x5xa , k050.01, andCi is the impurity concentration nea
which the increase in the segregation coefficient beginsCi

5Qi /L). The values ofCi were selected so as to achieve t
most satisfactory agreement between the calculation and
perimental curves1–3 and, as is important, were differen
for different implantation doses~Fig. 1b, curves18–38).

The dependence~6! was also used to simulate the co
centration profiles of Er implanted in silicon atE5500 keV
~the dose was 831014 cm22, and xa50.235mm! after an
anneal (620 °C, 1 h! from Ref. 9. Figure 2a presents th
experimental and calculated concentration profiles of Er
various values ofCi . As is seen from the figure, satisfacto
agreement with the experimental profile is achieved only
the initial stage of SPE crystallization forCi5131020

cm23. A concentration peak, which is not observed expe
mentally, forms near the surface at all values ofCi . The
appearance of a near-surface concentration peak in this
is a consequence of the decrease in the impurity conce
tion in the transition layer and, accordingly, of the decre
f

x-

r

n

-

se
ra-
e

in the concentration-dependent segregation coefficien
k,1 as the SPE crystallization front approaches the surfa
Thus, the concentration dependence of the segregation c
ficient does not permit a satisfactory description of the
perimental concentration profiles of Er in Si after crysta
zation of the implanted layer. This is manifested by t
absence of eitherQi or Ci for different implantation doses a
E5250 keV ~Figs. 1a and 1b!, by the appearance of a fals
near-surface concentration peak forE5500 keV ~Fig. 2a!,
and by the considerable deviation of the calculated distri
tions from the experimental curves.

An alternative possibility for describing theC(x) pro-
files in the recrystallized layer is the coordinate depende
of the segregation coefficientk5k(x). Various forms of
k(x) were tested, and the best dependence had the form

k~x!5k0ks /@k01~ks2k0!exp~2~xa2x!/L !#, ~7!

where ks is the maximum value of the segregation coef
cient.

The results of the calculation of the concentration p
files in the recrystallized layer withk5k(x) of the form ~7!
for various values ofL and the experimental conditions i
Ref. 9 are shown in Fig. 2b~curves6–8!. A comparison of
the calculated and experimental curves reveals that the
fit is achieved for the parameter valuesk050.005,ks52.5,
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and L527 nm. Concentration profiles calculated f
k5k(x) defined by~7! for the experimental conditions in
Ref. 5 and various implantation doses are plotted in Fig.
~curves 18–38). The calculated curves fork050.01,
ks52.5, andL580 nm are in satisfactory agreement with t
experimental plots, i.e., if the initial thickness of the amo
phized layer is fixed, the width of the transition layerL does
not depend on the dose of the implanted impurity. The
perimental concentration profiles of Er in silicon layers af
implantation at 250 and 500 keV and SPE crystallization
600 and 620 °C, respectively, are described satisfactorily
a model with the coordinate dependencek(x) of the form
~7!. The values of the segregation coefficient increase as
crystallization front advances. In the case of a thin E
containinga-Si layer (E5250 keV! the maximum value of
the segregation coefficient does not reachk51. This ac-
counts for the accumulation of Er near the surface~Fig. 1!. In
the case of a thick Er-containinga-Si layer (E5500 keV!
the segregation coefficient becomes greater than unity. S
unusually high values ofk cause a decrease in the conce
tration of Er near the surface~Fig. 2!. The cause of the in-
crease ink may be defect accumulation in the transitio
layer, which promote the trapping of RE ions by the epita
ally recrystallized single-crystal layer. Such defects can
either structural defects or atoms of residual impurities s
as oxygen and carbon atoms. In particular, it was shown
Ref. 5 that the additional introduction of oxygen atoms lea
to an increase in the trapping of Er in the recrystallized s
con layer.

Thus, a quantitative model of the redistribution of rar
earth-ion impurities during the SPE crystallization of a s
con layer amorphized by ion implantation has been de
oped. The model satisfactorily describes the experime
concentration profiles of an impurity if the segregation co
ficient increases as the crystallization front advances tow
the surface. The increase ink can be caused by the accum
c
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lation of defects that promote the trapping of RE atoms in
silicon transition layer.
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Solids@in Russian#, Énergoatomizdat, Moscow~1985!.

Translated by P. Shelnitz



SEMICONDUCTORS VOLUME 32, NUMBER 12 DECEMBER 1998
ELECTRONIC AND OPTICAL PROPERTIES OF SEMICONDUCTORS

Density-of-states anomaly and tunneling conductance of Au/ p -GaAs0.94Sb0.06 contacts
near the metal–insulator transition

T. Yu. Allen, Kh. G. Nazhmudinov, and T. A. Polyanskaya
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The tunneling-current anomaly in Au/p-GaAs0.94Sb0.06 contacts at zero bias voltage (V→0) is
investigated. Epitaxial layers of the solid solution GaAs0.94Sb0.06 are doped with
germanium and have a conductivity close to that at the metal-insulator transition. The square-
root dependence of the differential conductanceG(V)5(dV/dI)21 at small values of
eV.kT TT predicted by the Al’tshuler–Aronov theory of quantum corrections to the density of
states at the Fermi level in disordered conductors is observed. Satisfactory agreement
between the experimental data and theory is observed at hole densities (p) in the layers greater
than the critical density for the metal-insulator transitionpc , but the relative magnitude of
the anomaly is sharply smaller atp,pc . This confirms the specificity of the conditionkFl>1
~instead ofkFl @1) for applicability of the theory for the density-of-states anomaly
appearing as a result of electron-electron interactions in a three dimensional electron gas.
© 1998 American Institute of Physics.@S1063-7826~98!00412-8#
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1. INTRODUCTION

An investigation of the tunneling conductance of a co
tact with a metal provides a direct measure of the density
states of the electron gas in the material in the barrier con
with the metal. Tunneling-current anomalies at zero b
voltage (V→0) were observed experimentally long ago
various types of barrier structures and reported in numer
publications.1 However, despite the availability of comple
experimental facts, a satisfactorily convincing theoretical
planation was not provided for this effect for a long tim
~see, for example, Chap. 27 in Ref. 1!. The development of
the theory of Fermi liquids for disordered systems of cha
carriers2–4 permitted reevaluation of many previously know
experimental data on low-temperature phenomena in di
dered conductors, including the tunneling-current anomal
V→0. It was shown that the wave functions of electrons
similar energy are strongly correlated in space in su
systems.5 The diffusion of electron-density fluctuations in
field of lattice defects leads to significant enhancement of
electron-electron (ee) interaction.1! As a result, a singularity
dn in the single-particle density of states appears at
Fermi levelnF5(mn* kF /p\2), wherekF is the wave vector
of a charge carrier with the Fermi energy. The correction
the density of states atT→0 has the form~see, for example
Ref. 3, p. 29!:

dn5
lnu«u1/2

4A2p2~\D !3/2
. ~1!

Hereln is a constant, which is determined by the charac
1271063-7826/98/32(12)/7/$15.00
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of the ee interaction,3,4 «!\/t is the quasiparticle energ
measured from the Fermi level«F ,t is the momentum relax-
ation time,

D5
s

e2~dp/d«F!
~2!

is the diffusion coefficient,s is the conductivity,p is the
charge-carrier concentration, anddp/d«F5nF .

For our investigations it is important that the theory
the density-of-states anomaly for a three-dimensional c
ductor is valid even if

\/t<«F ~3!

~see Ref. 3, p. 31!, while the ordinary condition for the ap
plicability of theories of quantum corrections is

kFl 52«Ft/\@1. ~3a!

The condition~3! permits the analysis of data obtained ne
the metal-insulator transition on the metal side. When
interaction in the diffusive channel ofee interactions is taken
into account,ln is a sum of two terms:

ln5ln
~ j 50!1

3

2
ln

~ j 51! . ~4!

The first of them is always equal to

ln
~ j 50!52

and describes the interaction of quasiparticles with a to
spin j 50. The second term
0 © 1998 American Institute of Physics
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ln
~ j 51!524SA11

F

2
21D ~5!

corresponds to the interaction of quasiparticles with a to
spin j 51. HereF is the amplitude of theee interaction and
can vary as a function of the band structure, the presenc
paramagnetic impurities, the occurrence of interactions w
phonons, etc. In the three-dimensional case this quantity
be defined in terms ofy52kFRS as3

F5
ln~11y2!

y2
. ~6!

HereRS is the screening radius:

RS5
x

4pe2~dp/d«F!
, ~7!

wherex is the dielectric constant.
The singularity in the density of states~1! leads to an

anomaly in the tunneling conductanceG(V)5dI/dV ~at
small values of the bias voltageV) relative to the value de
termined by the ordinary density of statesnF . As a result,
the quantityDG(V)5G(V)2G(0) equals

DG~V!

G~0!
5

1

4kT E
2`

`

d«
dn~«,T!

n0

3S 1

cosh2
«2eV

2kT

1
1

cosh2
«1eV

2kT
D ,

i.e., it varies proportionally to (eV/kT)2 when ueVu!kT,
and it takes the following form5 when ueVu@kT:

DG~V!

G~0!
5

dn~ u«>eVu!
nF

5
lnueVu1/2

4A2p2~\D !3/2nF

. ~8!

The theory of the tunneling anomaly5 was tested on contact
of metals with films of granular Al~Ref. 7! and Ga~Ref. 8!,
with both three-dimensional and quasi-two-dimensio
In2O3 films,9 and with films of Ga12xAux ~Ref. 10! and
NbxSi12x ~Ref. 11! solid solutions. Some studies7,11 were
performed in the vicinity of the metal-insulator transition.
all cases, in accordance with~8!, a square-root dependenc
of the tunneling conductanceDG on the bias voltageV was
observed, the proportionality coefficient

a5
DG~V!

G~0!uVu1/2
}lnAr3nF ~9!

depended on the resistivity of the film asrh. It is noteworthy
that in metalsnF scarcely changes in response to the int
duction of impurities or defects, whose presence influen
only t, i.e., r, but not the carrier concentration. In this ca
we should haveh53/2, but h>1 was obtained in the ex
perimental studies in which the dependence ofa on r was
determined.7,11

Heavily doped superconductors have metallic cond
tion when«F@kT, and it should be expected that the tunn
ing anomaly for a Schottky barrier on a heavily doped se
l

of
h
an

l

-
s

-
-
i-

conductor is of the same nature. There have been sev
experimental studies of the tunneling differential condu
tance of Schottky barriers fabricated~before the theory of
quantum corrections appeared! on a fairly close analog of
our material, viz.,p-type GaAs~see, for example, Refs. 12
16!. For example, performing measurements on GaAs do
with Zn and Cd~Pd served as the electrode!, Mora et al.12

discovered that the magnitude of the tunneling anomaly
creases rapidly with increasing resistivity ofp-GaAs and that
its full width at half-maximum has a minimum in the vicinit
of the metal-insulator transition~they used the position o
this minimum to estimate the critical hole density at the tra
sition pointpc>231018 cm23). In Refs. 13 and 16 the dif-
ferential conductance of Au/p-GaAs Schottky barriers wa
analyzed for the purpose of determining the ‘‘density-o
states tails’’ in accordance with the theory in Ref. 6.

In Ref. 17 we reported the results of an investigation
the differential resistance of Au/p-GaAs12xSbx structures
fabricated on conductingp-GaAs substrates. We observed
square-root dependence of the tunneling conductance
voltage atV→0, but we were unable to measure the res
tivity of the layer on which the Schottky barrier was fabr
cated in order to analyzea(r) in the form~9!. Therefore, we
made another attempt to test the theory in Ref. 5 on A
p-GaAs0.94Sb0.06 Schottky barriers, setting up the experime
so that the value of the resistivity of the GaAs0.94Sb0.06̂ Ge&
layer would be known.

2. EXPERIMENTAL METHOD AND DISCUSSION

Unlike the investigations described in Ref. 17 for A
p-GaAs12xSbx (0.02,x,0.125) contacts, in the presen
work the GaAs0.94Sb0.06 layers were grown in two variant
simultaneously@in one technological experiment: on su
strates of semiconducting GaAs to measure the resistivitr
and on p-GaAs substrates with a hole density (0.521)
31019 cm23 to measure the tunneling conductance#. The
methods for preparing GaAs12xSbx epilayers doped with Ge
~from 0.5 to 2 wt. %! were described in detail in Ref. 17, an
the method for creating Schottky barriers was described
Ref. 18. In the present work, as in Ref. 17, we us
Au/GaAs0.94Sb0.06 contacts with a diameterB50.25 mm.
According to estimates made on our structures,19 the thick-
ness of the layer of the native oxide separating the Au fi
and the layer of the solid solution did not exceed 30 Å. T
results of an investigation of the barrier heightwb in
Au/GaAs12xSbx structures (0.02,x,0.125) for layers with
both n- andp-type conduction~based on the spectral depe
dence of the photoresponse! were presented in Ref. 20
and the results of a study of the electrophysical proper
and low-temperature galvanomagnetic effects
p-GaAs0.94Sb0.06 were presented in Refs. 21–23.

The zero-bias anomalies in the tunneling conducta
were investigated at helium temperature. When the temp
ture was raised, the form of the differential resistance cu
changed, and the anomaly became less pronounced, va
ing entirely at T>60 K.18 The tunneling anomalies wer
measured on samples with a hole density equal to (225)
31018 cm23, i.e., samples close to the metal-insulator tra



ab

ti

ts
n

e

rs
ig.

re-

.
a-
ly

-
ures.

ries
to
on

1272 Semiconductors 32 (12), December 1998 Allen et al.
sition. At hole densities less than 231018 cm23 the resis-
tance of the tunnel contact was so high that we were un
to measure its differential resistance.

Figure 1 shows a typical current-voltage characteris
~IVC! of the contacts investigated atT54.2 K. It is seen that
inversion of the IVC~greater values for the reverse curren
than for the forward currents! occurs at voltages less tha
0.15 V in accordance with Wilson’s theory.24 The forward
branch of the IVC at large bias voltages obeys the dep
dence characteristic of a tunneling current25

I /I 0}exp~eV/E00!, ~10!

where

E005
\

2Fe2~NA2ND!

xmlh*
G 1/2

, ~11!

FIG. 1. Typical current-voltage characteristic of a Au/p-GaAs12xSbx tunnel
contact atT54.2 K. Applied voltage:1 — V.0, 2 — V,0. The dashed
straight line denotes a segment of the plot ofI /I 05exp(eV/E00).

FIG. 2. Dependence of the differential resistanceR(V)5dV/dI on the bias
voltageV at T54.2 K for the same contact as in Fig. 1. The arrow points
the voltageVmax corresponding to the differential resistance maximum
the forward branch of the current-voltage characteristic.
le

c

n-

x513 is the dielectric constant of GaAs0.94Sb0.06 ~the
method for estimatingx was described in Ref. 23!, and
mlh* 50.082m0 is the light-hole mass, since tunneling occu
from that band. The slope of the dashed straight line in F
1 givesE00>41 meV. A calculation using formula~11! gives
E00>40.2 meV if

NA2ND>pr~T5295 K!51/eRH5531018 cm23,
~12!

whereRH is the Hall coefficient in a magnetic fieldH→0 at
T5295 K.

Figure 2 presents the dependence of the differential
sistance on applied bias voltageR(V)5dV/dI51/G(V) for
the same sample atT54.2 K. Both the peak on theR(V)
curve atV→0 ~the zero-bias anomaly! and the maximum of
R(V) at the bias voltageV5Vmax>23 meV are clearly seen

Conley and Mahan25 showed that the characteristic fe
tures of theR(V) curves for any semiconductor, particular
the value ofeVmax ~in comparison to«F) and the ‘‘width’’ of
theR(V) curve, i.e., the sharpness of the maximumR(Vmax),
are determined by the parameters«F /E00 and wb /Eg . A
fairly sharp peak can appear in the region ofR(Vmax) at
Vmax5«F , if the relationswb /Eg>1/2 and«F /E00,1 hold
for the specific material. Ifwb /Eg>1/2, but «F /E00@1, a
‘‘diffuse’’ differential resistance maximum should be ob
served. Let us estimate these parameters for our struct
The gap widthEg for GaAs12xSbx at T<77 K varies from
1.52 to 1.3 eV in the composition range 0<x,0.13, and
Eg>1.4 eV whenx50.06. The barrier heightwbp for our
structures on ap-type material equals (0.8260.06) eV at
T577 K.20 As a result,wbp /Eg>0.6, and the ratio

«F

E00
51.9631024AxS mlh* m0

~my* !2D ~n@cm23# !1/3 ~13!

varies in the range from 0.4 to 0.6 as the hole density va
in the range 1018,p,1019 cm23. The value for the density-
of-states effective massmy* 50.473m0 and the value for the

FIG. 3. Dependence of the differential resistanceR(V) on the bias voltage
V at T54.2 K for structure 1~see Table I!. The values ofV for curve 1
correspond to the upper scale, and the values for curve2 correspond to the
lower scale.



ro

re

at

th

than

f
g. 6
the

s

aly

ea-
e
m-
-

to

n

the
r
-

1273Semiconductors 32 (12), December 1998 Allen et al.
light-hole massmlh* 50.082m0 were taken in ~13!. For
GaAs12xSbx with n-type conductivity wbn /Eg>0.7 @wbh

>1 eV at 4.2 K~Ref. 20!#, and the value of«F /E00 is 2.5
times greater for the same carrier densities.

In accordance with these estimates, we observed a b
~diffuse! band on theR(V) curve with a maximum atVmax

5«F @with a weak surge inR(V) at V→0# for contacts on a
solid solution with n-type conduction.18 The contacts on
p-GaAs12xSbx clearly display a peak atV5Vmax, and the
value ofVmax is, in fact, close to the values of«F for p>5
31018 cm23, so thatVmax}p2/3. The same phenomena we
also noted in Ref. 16 for Au/p-GaAs contacts atp.1019

cm23. As the hole density decreases and the metal-insul
transition is approached, the peak on theR(V) curve at
V→0 becomes increasingly sharp, and the amplitude of

FIG. 4. Dependence of the differential resistanceR(V) on the bias voltage
V at T54.2 K for structure 3~see Table I!. The dashed curve corresponds
RN(V), which is specified by the ‘‘normal’’ density of states.

FIG. 5. Dependence of the differential resistanceR(V) on the bias voltage
V at T54.2 K for structures 8~curve1! and 7~curve2!. The numbers of the
samples are the same as in Table I.
ad

or

e

zero-bias anomaly becomes comparable to or greater
R(Vmax), so that it is impossible to determineVmax ~see Figs.
3–5 and Ref. 17!.

Figures 3–5 show theR(V) curves for a series o
samples, whose parameters are listed in Table I, and Fi
presents the relative amplitude of the anomaly relative to
‘‘background’’ valueRN(V→0):2!

A~V!5
R~V!2RN~V!

RN~0!
.

The background~relative to the anomaly! dependence
@RN(V)# is associated with the ‘‘normal’’ density of state
nF and was determined ‘‘by sight’’~see the dashed line in
Fig. 4!. Because of the small width of the zero-bias anom
in the samples investigated, determiningRN(V) in this way
should not introduce a large error. Figure 6 shows the f
tures ofA(V) previously noted in Ref. 18, viz., the increas
in A with decreasing acceptor concentration and the ‘‘asy
metry’’ of the A(V) curve, which stems from the displace

TABLE I. Principal characteristics of epilayers of the solid solutio
GaAs0.94Sb0.06 doped with Ge.

Ge Layer
T54.2 K T5295 K

content, thickness, r, p51/eRH ,
Sample at. % mm 1022V•cm 1018 cm23

1 0.5 18 14 2.3
2 0.5 19 7.6 2.6
5 0.65 20 6.5 2.8
3 0.7 20 4.7 3.4
4 0.75 26 6.8 2.7
6 0.85 24 4.4 3.7
7 1.0 14 3.6 4.2
8 2.0 16 2.6 5.0

FIG. 6. Relative amplitude of the zero-bias anomaly extracted from
dependence ofRN on V specified by the ‘‘normal’’ density of states fo
contacts fabricated onp-GaAs0.94Sb0.06 layers with various Ge concentra
tions, at. %:1 — 0.2, 2 — 1, 3 — 2.
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ment of the position of the maximum ofA(V) from V50
toward forward biases by the small quantitydV. The values
of R0[R(V50) andRM[R(dV) are plotted as functions o
the resistivityr at T54.2 K in Fig. 7. If the large spread o
the experimental data is taken into account, the distribu
of R05 f (r) can be described by the power law

R0}r0
m, ~14!

wherem51.460.4 ~see the line in Fig. 7!.

FIG. 7. Differential resistanceR(V)5(dI/dV)21 at V50 andV5dV as a
function of the resistivity of thep-GaAs0.94Sb0.06 layer atT54.2 K: 1 —
R05R(V50), 2 — RM5R(V5dV).

FIG. 8. Differential conductanceG5dI/dV under a reverse-bias voltage a
a function ofAuVu at T54.2 K. The numbers on the curves correspond
the numbers of the samples in Table I.
n

Figure 8 presents plots of the differential conductan
G(V)5dI/dV as a function ofAuVu at small reverse-bias
voltages for several samples. There are two segments
different slopesg1 andg2, which are defined as

g5aG~0!5
DG~V!

uVu1/2
.

The voltage corresponding to the change in slope was de
mined from the point of intersection of the straight lines a
lies in the range from 7 to 19 mV. Plots of the dependence
g1 andg2 on the resistivityr of the epilayers are shown in
Fig. 9. Within the experimental error

g1 ,g2}r25/2.

Let us now compare our experimental results with t
theory in Ref. 5. Figure 10 presents the values of

g1R05
DG~V!

G~0!uVu1/2

FIG. 9. Values ofg1 ~1! and g2 ~2! @slopes of the linear segments of th
G(AV) curves in Fig. 7# as functions of the resistivity of the
p-GaAs0.94Sb0.06 layer atT54.2 K.
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as a function of the resistivity of the epilayer@the values of
g1 and R051/G(0) are shown in Figs. 8 and 7, respe
tively#, as well as the values of

aD5
ln

8
A2mykF

\2 S e2

p2\
r D 3/2

,

which were calculated on the basis of the transport cha
teristics of the epilayers~Fig. 11!, and the values of the con
stantln of theee interactions in the diffusive channel, whic
were calculated on the basis of~4!–~7!. It can be seen from
Fig. 10 that the theoretical values ofaD are close to the
experimental values ofg1R0 only for samples with a smal

FIG. 10. Experimental values~1! of g1R05(DG(V)/D(eV)1/2)/G(0) at
T54.2 K and calculated values ofaD ~2! as functions of the resistivityr at
T54.2 K ~the straight line corresponds toaD;rh, whereh51.4360.01)
~a! and the carrier concentrationpr>NA2ND measured atT5295 K ~b!.
The arrow points to the concentration corresponding to the metal-insu
transition.
c-

resistivity. The dependenceaD5 f (r) is described by a
power function with the exponenth51.4360.01~the line in
Fig. 10a!. The value ofh differs from the theoretical value o
3/2 becauseln andnF depend on the hole density. The sam
data are presented in Fig. 10b as a function of the conc
tration NA2ND>pr . It can be seen that the experiment
(g1R0) and theoretical (aD) values of the coefficients begi
to diverge dramatically whenNa2ND becomes less than th
critical density for the metal-insulator transition estimated
Ref. 23, i.e., whenpr,pc>3.631018 cm23.

The satisfactory agreement between the experime
values ofg1R0 and their theoretical equivalentsaD in the
hole density range considered should be noted, since
value ofkFl for the layers investigated on the metal side
the transition (3.431018<pr<531018 cm23) varies from
0.6 to 1. This finding confirms the validity of the speci
condition~2!, under which the theory of the density-of-stat
anomaly in a three-dimensional conductor is applicable.3

3. CONCLUSION

We have discovered that the tunneling conductance
Au/p-GaAs0.94Sb0.06 Schottky barriers at small bias voltage
~the zero-bias anomaly! is proportional to the square root o
the voltage and that the slope of the linear segment is
satisfactory agreement with the theory of quantum corr
tions to the density of states,5 but only for hole densities
p.pc , wherepc>3.631018 cm23 is the critical density for
the metal-insulator transition inp-GaAs0.94Sb0.06.

It was stated in the first publications on quantum corr
tions, for example, Ref. 26, that the density-of-sta
anomaly specified by theee interaction increases in disor

or

FIG. 11. Conductivity (s) and Hall mobility (m) of p-GaAs0.94Sb0.06 mea-
sured atT54.2 K as functions ofpr>NA2ND .
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dered conductors as the metal-insulator transition is
proached, vanishing entirely on the insulator side of the tr
sition due to the formation of a Coulomb gap in the dens
of states. Just such a situation is illustrated in Fig. 10b. T
arguments put forward in Ref. 26 were confirmed in Ref.
where the correctiondn was calculated for a three
dimensional electron gas without any assumptions regar
weak disorder of the electron subsystem, i.e., without
condition ~3a!. It is noted only that renormalization of th
amplitude of theee interaction~6! and the diffusion coeffi-
cient ~2! should occur in systems with strong disorder.

Thus, the zero-bias anomaly in the tunneling cond
tance at Schottky barriers can be attributed to the Al’tshul
Aronov anomaly in the density of states caused by featu
of the ee interaction inherent to a disordered electron g
An analysis of the results of an experiment performed
barriers top-GaAs0.94Sb0.06 layers withkFl >1 also confirms
the specificity of the cut-off requirement for applicability o
the theory of the density-of-states anomaly in a thr
dimensional gas, which does not impose the condition
weak disorderkFl @1.

We wish to express our thanks to V. N. Karyaev f
preparing the samples. T. Yu. Allen thanks the Americ
Association of University Women and the University
Chattanooga Foundation, and T. A. Polyanskaya thanks
Russian Fund for Fundamental Research~Grant 98-02-
18396! for their support.

1!In a system of localized electrons, the same factor, i.e., inhomogenei
the charge-density distribution, leads to the formation of a Coulomb g6

2!In Ref. 18 there was an error in the denominator in the expression for
experimental determination ofA(V) @see Eq.~4! in Ref. 18#. The correct
expression is presented here.
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Kinetics of electric field screening in a space-charge region with a leakage channel
and low-temperature conductance of surface channels in high-resistivity n-Si
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The kinetics of electric field screening in a space-charge region with a leakage channel is
considered on the basis of an experimental study of the conductance of surface channels inn-Si.
The characteristic times of the fast and slow stages of space-charge relaxation at the
channel boundary after switching of the reverse bias are estimated. The proposed channel-current
relaxation mechanism can account for the observed large radio-frequency conductance of
surface channels inn-Si and the formation of capacitance relaxation spectra similar to those
traditionally associated with the charge exchange of deep centers. The nature of the
surface donor centers responsible for the formation of conducting layers at the Si–SiO2 interface
near 90 K is discussed. ©1998 American Institute of Physics.@S1063-7826~98!00512-2#
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1. The space-charge dynamics observed upon ele
field screening in a semiconductor with a potential barr
which are slow in comparison to Maxwellian relaxation, a
usually associated with the presence of deep centers and
charge exchange. This approach has been developed in
els of percolative conduction through drift barriers1,2 and un-
derlies the methods for identifying deep centers using bar
capacitance measurements.3 However, the possibility of slow
transient electrical processes associated with screening
rents in a percolation or leakage channel was not analy
Thus, the insensitivity of deep-level transient spectrosc
toward surface leakage-current channels was postulate
Ref. 3. This hypothesis was based on a simplified mo
representation of a channel as an active resistance w
shunts the barrier capacitance.4 However, numerous difficul-
ties in interpreting the experimental data, which point out
particular, a relationship between the measured transien
pacitance and reverse currents, were resolved only by ad
elements to the model of the charge exchange of hypothe
deep centers~see, for example, Refs. 4 and 5!. Nevertheless,
the radio-frequency reactance6 and the slow dynamics of th
transient current7 of leakage channels were noted back in t
early studies, but their mechanisms were not elucida
Temperature-dependent relaxation spectra were observe
Ge and Si and were associated with the transient curren
surface electronic leakage channels and their dependenc
temperature and structural defect density.8,9 In Ref. 9 an
attempt was made to relate the increase in the screening
to size effects in the Debye length in a channel. When d
centers in real barrier structures are investigated by cap
tance methods, the main contribution to the relaxation sig
can be made by the transient reactive current of the sur
leakage channel, rather than by the transient bias cur
caused by charge exchange of deep centers. As experi
has shown, leakage channels are manifested as characte
features of the static, radio-frequency, and transient cha
teristics of barrier structures, making it possible to sepa
1271063-7826/98/32(12)/7/$15.00
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the effects of deep centers from the size effects in leak
channels. For this reason, we should study these features
examine a model of percolative conduction in a leaka
channel.

The interest in this model is also due to some new
perimental possibilities. The general laws discovered in
and Si, which dictate nonmonotonic variation of the surfa
electron density with temperature and a tendency for the
mation of electron layers on the surface~at T.90 K!, have
been associated with oxygen- and hydrogen-containing
nor complexes and variation of their electronegativity in t
vicinity of ‘‘characteristic’’ temperatures.8,9 In our opinion,
the discovery of these general laws makes it possible
move forward in the study of the electronic properties o
semiconductor/oxide interface, particularly the mechani
of the formation of built-in charge in the oxide. This resear
can also provide new information pertaining to the mec
nism of the influence of oxygen and hydrogen centers on
low-temperature conductivity of oxides with allowance f
the important, but not yet thoroughly elucidated, role of va
ous oxygen- and hydrogen-containing species existing in
ides in the mechanism underlying their conductivity a
superconductivity.10,11

The purpose of the present work is to examine a qu
tative model of percolative conduction in a leakage chan
by studying the current response of surface channels
Schottky diodes onn-Si and to advance some hypothes
regarding the nature of the low-temperature surface do
centers on the basis of an analysis of the results.

2. The investigations were performed on high-resistiv
n-Si with a resistivityr52 kV•cm. Silicon~100! wafers were
oxidized in dry oxygen or a chlorine-containing atmosphe
at 750 or 1050 °C for 1 h. In addition, near-surfa
oxidation-induced stacking faults~OSF’s! with a penetration
depth~,1mm!, which is smaller than the equilibrium width
of the space-charge layer (w0), were introduced into some o
the samples. The method for introducing the OSF’s was
7 © 1998 American Institute of Physics
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scribed in Refs. 9 and 12. After the oxide layer was remo
in HF, 3 mm diam Schottky barriers were created on
surface with OSF’s by sputtering Au~in a vacuum!, and
ohmic contacts were formed on the rear surface by che
cally depositing Ni.

3. The characteristic feature of the ‘‘soft’’ revers
current-voltage characteristics~IVC’s! of the diodes investi-
gated is a tendency for sublinearity in the voltage ran
U,122 V andU.4210 V and superlinearity at interme
diate voltages~Fig. 1!. The leakage current was equal
102821025 A at 300 K andU51 V. Either a decrease or a
increase in the leakage current was observed during coo
depending on the oxidation regime~Fig. 1!.

Figure 2 compares the current-voltage characteris
~curves1 and2! with the calculated plots of the barrier ca
pacitanceCg(U) for Schottky barriers of heightsw050.15
and 0.8 eV~curves3 and4!. It is seen from the figure that a
300 K the measured capacitanceC.Cg at U,1 V and
C,Cg at U.4 V for all possible values ofw0, while at
80 K C,Cg at U.0.4 V.

The temperature dependences of the conductance at
stant voltageG(T), of the active component of the radio

frequency conductanceG̃(T), and of the capacitanceC(T)
are reversible and have a nonmonotonic character~Figs. 2
and 3!.

The transient-capacitance relaxation spectra observe
the samples with OSF’s using transient capacita
spectroscopy3 are presented in Fig. 4. It can be seen fro
Figs. 3 and 4 that peaks are observed in the spectra a

FIG. 1. Current-voltage characteristics of Schottky diodes onn-Si oxidized
in dry oxygen~1–7! and in a chlorine-containing atmosphere (18278). T,
K: 1, 18 — 80; 2, 28 — 125;3, 38 — 165;48 — 185;4, 58 — 210;5, 68 —
245; 6 — 282; 7, 78 — 300. The inset illustrates the character of the var
tion of the conductance~G! of the diodes with voltage at two temperatur
T, K: 1 — 80, 2, 3 — 165.
d
e

i-

s

g,

s

on-
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e

the

temperatures of the humps on theC(T) curves. We note the
identical nature of the spectra andC(T) curves for samples
of the same series and the absence of a direct relation
between the amplitudes of the spectral peaks and the valu
the dc leakage current.

4. Let us discuss the results obtained after advanc
some model arguments regarding the current response
leakage channel to variation of the reverse voltage.

A. Mechanism of the influence of a transverse elec
field on the dc and ac current response of the leakage ch
nel. The observed IVC’s have a form which is typical o
short channels with Schottky gates in unipolar field-effe
transistors. Such IVC’s are attributed to variation of t
width ~a! and length~L! of the conducting region of the
channel with variation of the voltage on the drain and w
lowering of the internal barrier to electrons by a longitudin
electric fieldE(x).13–15 The character of the IVC is an indi
cation of the existence of a leakage channel and allows u
postulate that the sources of the channels are potential w
in the barrier.9

When a current flows, the penetration of the field into
channel and the expansion of the depletion region insid
are determined by the distribution of the potential along
channelU(x). The distribution of the potentialU(x) is in-
fluenced by the transverse electric fieldEy(x) appearing on
the boundary between the channel and the depletion re
in response to the abrupt change in the voltageU. A concep-
tion of the character of the influence ofEy(x) can be ob-
tained by examining the model of a symmetric channel w
a short-circuited gate located in the plane of the sou
~Fig. 5a!.

FIG. 2. Capacitance-voltage characteristics~1, 2! and calculated barrier ca
pacitance vs voltage curves~3, 4!. T, K: 1 — 300, 2 — 80. w0, eV: 3 —
0.15,4 — 0.8. Inset —C(T) curves for various values of the bias voltag
U, V: 1 — 8, 2 — 4, 3 — 2.
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Since the longitudinal electric field in the Schottky lay
Eg(x) decreases linearly with the distancex from the sur-
face, i.e., since

Eg~x!5F2
2~U1Ui !

w G S 12
x

wD ,

(Ui is the diffusion potential, andw is the depletion-layer
width!, a potential difference should appear between
channel and the space-charge region. It can be written in
form

Ug* ~x!5Ug~x!2IR~x!,

whereI is the channel current,R(x) is the channel resistance
andUg(x) is the distribution of the potential of the intern
gate, i.e., the space-charge region adjacent to the chann

Ug~x!5F2~Ui1U !

w2 G S wx2
x2

2 D .

For a field which is uniform across the channel wid
E0(x)52U/w, U0(x)5Ux/w, and

Ug0* ~x!5Ug~x!2U0~x!52F ~Ui1U !x

w G2
~Ui1U !x2

w2
2Ui .

The direction of the transverse fieldEy(x) is different in
the source and drain regions. The estimate ofx0, i.e., the
position of the apparent boundary between the source

FIG. 3. Temperature dependence of the static conductanceG ~1, 9, 10!, the

active radio-frequency conductanceG̃ ~2–5!, and the modulus of the com

plex radio-frequency conductanceuỸu ~6–8! of Au–n-Si diodes and the
conductance per squareGh of an n-Si sample~11!. The silicon surfaces
were oxidized in dry oxygen~1–8, 11! and in a chlorine-containing atmo
sphere~9–10! at two temperaturesT, °C: 1–10 — 1050,11 — 750.U, V: 1
— 0.1; 2, 7 — 4; 3 — 2; 4, 8–9 — 1; 5 — 0.3; 6 — 8; 10 — 7; 11 — 6.

Ũ, mV: 2–8 — 50; f 5160 kHz.
e
he

l:

nd

drain regions, obtained from the conditionUg0* (x)50 gives
x05w0 for U!Ui andx05wUi /U for U@Ui . WhenEy(x)
is screened, the channel should narrow at the source~at
x0.x.0) and widen toward the drain as 1/E}(12x/w)21

in the regionw.x.x0. The character of the distribution o
the longitudinal fieldE(x) in the channel tends to approac
the distribution ofEg(x) in the depletion region.

These estimates permit drawing a conclusion regard
the causes of the nonlinearity of the channel IVC. The t
dency for sublinearity of the IVC at small and large voltag
can be attributed, respectively, to decreases in the width
increases in the length of the channel, as in a short chann13

The observed rise in the channel conductance at intermed
voltages can be attributed to the influence of the transve
field Ey(x) on the channel width and to lateral curre
spreading. We note here that the superlinearity of the IVC
short channels is associated with lowering of the barrier
the space-charge region by the longitudinal electric fi
E(x) and with an increase in the above-barrier current.14,15

The weak temperature dependence of the channel cu
observed in the diodes investigated, as well as the revers
the sign of the temperature coefficient of the channel c
ductance in some of the diodes, attest to the small magni
of the above-barrier currents and support the conclusion
the transverse field influences the channel conductance.

When a radio-frequency probe voltageŨ is applied, the
channel width is modulated by the resultant transverse
tential differenceŨg* (x). This leads to a phase shift betwee

FIG. 4. Transient-capacitance relaxation spectra of Schottky diodes onn-Si
oxidized in dry oxygen~1! and in a chlorine-containing atmosphere~2, 3!.
Storage time of the samples before the measurements:1–2 — 1 day,3 — 4

months. Switching: 0.5→2.5 V; t152 ms, t2510 ms, f 5160 kHz,Ũ550
mV.
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the channel current and the voltage. The variation of
channel width in the narrow region (as) Das'Dw5w0

3Ũ/(Ui1U) at smallU,Ui is comparable to the channe
width at the source (a0), i.e.,Das>a0, and this is the reason
for the large value of the active conductanceG̃@G ~Fig. 3,
curve5!. As the voltageU increases, the channel lengthe
and becomes more uniform. The radio-frequency chan
conductance approximates the dc conductance~Fig. 3, curves
1–4!.

The complex channel conductanceỸ5G̃6 j B̃ and the

reactive conductance can have either a capacitive (1 j B̃) or

inductive (2 j B̃) character. The reactive channel current
summed in the external circuit with the bias current throu
the barrier capacitanceCg . The measured capacitance of t

diode then equalsC5Cg6B̃/v, wherev is the frequency of
the probe voltage. At the small values ofU corresponding to

FIG. 5. Qualitative picture of the formation of a conducting channel in
space-charge region~a! upon the supply of a voltage step~1–4! and distri-
bution of the potential along the channel (18–48), inside the space-charg
region (58), and in a channel that is uniform across its width (68), b —
approximate equivalent circuit of a channel. Fig. a:I — accumulation layer,
II — space-charge region of the near-surface barrier,III — quasineutral
region~channel!. 1, 18 — t,0; 2, 28 — t,t f ; 3, 38 — t f,t,ts ; 4, 48 —
t5`.
e

el

h

the sublinear portion of the IVC, the voltage increme
causes narrowing of the channel, the capacitive compon
of the reactive current dominates, andC.Cg ~Fig. 2!. At
values corresponding to the superlinear portion of the I
the voltage increment increases the lateral current spread
the channel current has an inductive character, andC,Cg

~Fig. 2!.
B. Screening of the transverse electric field upon inst

taneous bias switching and transient channel leakage c
rent. Following a sudden increase in the reverse bias~for
example, 0→U), the depletion region of the Schottky barrie
expands during the Maxwellian relaxation time. The chan
initially performs the role of a ‘‘grounded’’ screen, whic
prevents penetration of the edge field of the barrier into
quasineutral region at the source. The positive potentia
the depletion region adjacent to the source region draws e
trons into the near-boundary region. The channel tends
widen toa(x)'a0 /(12x/w) toward the drain~Fig. 5a!.

As the lateral current spreading increases, the resista
of the drain region decreases, and the electric field is re
tributed along the channel: it decreases at the drain and
creases at the source. In addition, the effective poten
Ug* (x) of the internal gate in the source region increas
because of the ohmic voltage drop in the channel:Ug* (x)
5Ug(x)2IR(x) @in the source regionUg(x),0#. This leads
to gradual narrowing of the channel at the source and a
in the resistance of the source region. The current reach
maximum and then begins to fall off. The resistance of
source region acts as an ‘‘automatic-bias’’ resistance, wh
increases with current.

Thus, following a pulsed increase in the voltage, t
leakage channel at first screens the source region from
etration of the field, but the lateral current spreading is s
pressed by the increase in the field at the source and
narrowing of the channel, and the current jump is follow
by a slow decrease. These arguments are clearly also a
cable to an asymmetric surface leakage channel on an o
surface. A surface current spike associated with curr
spreading followed by narrowing of the channel should a
be observed in the case where the surface charge dens
insufficient for the formation of an accumulation layer, b
the width of the depletion region on the surface is less th
in the bulk, and the conditions for surface breakdown due
shock ionization or tunneling develop on the surface in
initial moment following bias switching.

In accordance with the foregoing arguments, the chan
can be divided along its length into three regions by conv
tion ~Fig. 5a!:

a source region of length Ls(U), conductance
gs(Ugs ,Us)5]I s /]Us (gs[1/r s), and transconductanc
gms(Ugs ,Us)5]I s /]Ugs ;
a drain region of length Ld(U), conductance
gd(Ugd ,Ud)5]I d /]Ud , (gd[1/r d), and transconduc-
tancegmd(Ugd ,Ud)5]I d /]Ugd ;
a near-contact region of lengthLc(U) and conductance
gc(Uc) , (gc[1/r c).

Here the voltage drops on these regions are denoted, res
tively, by Us ,Ud , andUc (Us1Ud1Uc5U) and the cur-
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rents byI s and I d ~in the channelI s5I d5I ), and the poten-
tial of the internal gate is set equal toUgs5Ug(Lc) for the
source region andUgd5Ug(Ls) for the drain region. Denot-
ing the potential increments following the bias switchi
U0→U01U for the source and drain regions byDUs

[us ,DUd[ud ,DUgs[ugs , and DUgd[ugd , for the
channel-current increment in a steady-state regime we
write i 5gsus1gmsugs5gdud1gmdugd .

The approximate equivalent circuit of a channel can
depicted in the form of theRC circuit shown in Fig. 5b,
whereCs andCd are the capacitances of the source and dr
regions, respectively. Whenr d,r s , the transient processe
in such a circuit following the supply of a voltage step a
similar to the processes in an aperiodicRLC circuit with
losses. The current increment has the character of a s
and the fast rise in current gives way to slow decay to
stationary valuei ` . The transient characteristic for the ca
of a simplified approximation which takes into account on
the passive elements of theRC circuit is described by the
difference between two exponential functions, and the c
rent increment is

i ~ t !2 i `' i s0expS 2
t

ts0
D2 i d0 expS 2

t

t f 0
D ,

where t f 0>r cC* for C* 5Cs1Cd is the time constant o
the fast stage of relaxation,ts0>r dC* is the time constant o
the slow stage, andi s0 and i d0 are preexponential factors.16

Let us estimate the influence of the internal negat
feedback in the channel on the characteristic current rise
and decay time, taking into account that the redistribution
the field upon current flow also causes variation of the eff
tive potentials of the internal gates in the source (Ugs* ) and
drain (Ugd* ) regions, which is accompanied by variation
the channel conductance with the characteristic timestms

5Cs /gms in the source region andtmd5Cd /gmd in the drain
region.15,17The influence of both the widening of the chann
at the drain and the associated narrowing of the channe
the source on the current can be represented using
equivalent current generatorsgmsugs andgmdugd with oppo-
site phases~Fig. 5b!.

Following an instantaneous voltage increase (U@Ui), in
the initial stage of relaxation (Ud.Us) the value ofUd de-
creases in response to current spreading, so thatud'U
2Ud(t). Since gms;(Us)

1/2 and gmd;(Ud)1/2 ~Ref. 15!,
gmsugs!gmdugd . Taking into account that (r s1r c)

21'gs ,
we can write the equation for the channel-current increm
i f in the form

i f5udgs5gmd~ugd2ud!2C*
]ud

]t
2udgd . ~1!

Sincegs,d and gms,md depend onud , the relaxation of the
current is nonexponential. Settingr s5r 0 andgmd5gm (gm is
the maximum value ofgmd), for the initial stage of relaxation
from ~1! we obtain

i f5
gmU

11gmr 0
F12expS 2

t

t f
D G , ~2!
an

e

in

e,
e

r-

e
e
f
-

l
at
he

nt

t f5
r 0C*

11gmr 0
. ~3!

When the current spreads, the transconductancegmd de-
creases, andgms increases. The current rise gives way
decay whengmsugs.gmdugd . The channel narrows at th
drain, Ud rises, the voltage on the source regionUs de-
creases, and the channel widens in the source region.
channel-current incrementi s5 i max2i(t) can be written in the
form

i s5gms~ugs2 i sr c!2~ud1 i sr c!gs .

Taking into account thatgmsr s5m, wherem5]U/]Ugs is
the voltage gain andmugs'U, we obtain

i s5
U2ud

r s~11gmsr c!
5C*

]ud

]t
. ~4!

The current decay, like the rise, is nonexponential. Sett
r s5r sm and r c'r 0 in the initial stage of decay and takin
into account thatgms(U)'gm , for i s we obtain

i s5 i `1~ i max2 i `!expS 2
t

ts
D , ~5!

ts5r smC* ~11gmr 0!. ~6!

Thus, it follows from ~2!–~3! that the increase in the
effective potential of the internal gate during the rise in c
rent suppresses its growth. As a result, the current rise t
decreases. The current spreading is accompanied by a
crease in the resistancer s . During the subsequent decay o
the current, bothUs and r s decrease simultaneously, com
pensating the decay of the current. As a result, as follo
from ~5! and~6!, the current decays more slowly than in th
absence of internal feedback. In addition, it can be seen f
~2! that the greater is the conductance of the sourcegc and,
thus, the greater is the initial currenti f , the more the resis-
tancer s increases in the initial stage of relaxation (r s; i max

;gc) and the more slowly the current decays.
This result corresponds to the general properties o

negative-feedback amplifier: an increase in the level of ne
tive feedback expands the transmission band in the direct
of both higher and lower frequencies. The level of negat
feedback equals 11bm0(v), wherem0(v) is the gain in the
absence of feedback andb is the feedback coefficient. For
channelb51, andm0'gmr 0. The decrease in gain due to th
effect of internal negative feedback leads~because of the
constancy of the product of the gain and the transmiss
band! to a decrease in the characteristic current rise timet f

by a factor of 11bm05(11gmr 0) and to an increase in th
characteristic timets of the slow decay of the pulse platea
by a factor of 11bm05(11gmr 0), in agreement with~3!
and ~6!.

The observed correlation between theG̃(T) and C(T)
curves provides evidence thatvt f>1 (v52p f , f 5160
kHz!. Hence, as an estimate of the time scale of the fast s
of recharging of the channel capacitance we can ob
t f'1026 s. Let us estimate the time of the slow relaxati
stage. Taking into account thatgm>gc ,gc;a0, and
gs;as , we obtain
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gmr 0'
a0

as
'

G̃

G
.

TakingG̃/G<102 andr sm'1062107V, from ~3! and~6! we
obtain ts'106t f<1 s as an upper estimate. Whengmr 0

.1, it follows from ~2! that the current increment amoun
to i f5Ugc , and the value of the channel current reflects
conductance of the source. Hence it follows that the n

monotonic character ofG̃(T) reflects the nonmonotoni
character of the variation of the surface conductance w
temperature.

When a probe signalŨ is applied after switching of the
voltage U, the inductive current at first increases rapid
~during a timet.t f) due to widening of the channel. In thi

stage the measured capacitanceC5Cg2B̃/v, andC,Cg .
As the active channel conductance slowly rises~during a
time t'ts), the inductive channel conductance decreas
and the measured capacitance slowly increases with the
sultant formation of peaks in the relaxation spectra. Thus,
character of the relaxation of the measured capacitance
result of the influence of the size effects on the Debye len
in a leakage channel is similar to the character of the re
ation of the barrier capacitance upon the charge exchang
deep levels, which is usually regarded as the only caus
the formation of relaxation spectra in transient capacita
measurements.

We stress that the reactive channel current and, thus
measured capacitance are determined by the modulatio
the channel width by the probe and depleting voltages
depend on the transconductance of the channel, rather
on the dc conductance of the leakage channel. This acco
for the experimental fact that diodes with leakage curre
differing by orders of magnitude exhibit identica
temperature-induced capacitance jumps and relaxation s
tra.

C. Nature of the centers responsible for the nonmo
tonic character of the surface conductance. As can be seen
from Fig. 3, the temperature dependence of the modulu

the complex conductanceuỸu5(G21B2)1/2 has a stepwise
character and attests to an increase in the surface con
tance upon cooling in the temperature rangeT,160 K. Fig-
ure 3 also presents the results of measurements of the
ductance per squareGh(T) in samples with ohmic contact
created on the surface of ann-Si wafer with OSF’s. The

figure reveals a correlation between theG̃(T) and Gh(T)
curves.

The analogous features of theG̃(T) curves for Si and Ge
~Ref. 8! were related in Ref. 9 to the variation of the surfa
free-electron density with temperaturens(T). The role of
donor surface states can be performed by complexes con
ing three-coordinated oxygen atoms, whose donor activit
created by the orbitals of lone pairs.18 Such complexes can
contain oxygen atoms,19 like the oxygen thermodonors de
scribed in Ref. 20, and they can contain hydrogen atoms18 or
molecules of adsorbed water.21 The general laws governin
the course of thens(T) curves in Si and Ge can be unde
stood, if we take into account the ability of oxygen- a
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hydrogen-containing centers to form a series of comple
which readjust their configuration at low temperatures. T
conclusion is supported by the closeness of the temperat
at which the peaks of the relaxation spectra and the hu

on theG̃(T) curves are observed to the known temperatu
for release of the rotational mobility of adsorption complex
containing oxygen atoms19 and water molecules,21,22 as well
as defects in crystals with hydrogen bonds.23 This allows us
to relate the nonmonotonic character of thens(T) curves to
the variation of the electronegativity of the complexes up
readjustment of their configuration in the vicinity of th
‘‘characteristic’’ temperatures. The increase inns upon cool-
ing can be attributed to the ‘‘freezing’’ of a complex and i
immobilization on a dangling Si bond, and the decrease inns

can be attributed to the restructuring of a defect in an en
getically more favorable configuration with a smaller bindi
energy. In hydrogen-containing complexes this restructur
is associated with the tunneling of a proton along a we
hydrogen bond to a neighboring oxygen atom23 and with the
formation of weakly electronegative hydroxyl radicals a
cording to the reversible reaction H2O1O⇔2OH ~Ref. 22!.
The relaxation peaks atT.150 K in the spectra of sample
oxidized in dry oxygen~Fig. 4, curve1! can be caused by
complexes containing oxygen atoms and water molecules21,9

The small amplitudes of these peaks in the spectra follow
oxidation by chlorine~Fig. 4, curve2! can be associated with
the small number of dangling bonds,15 and the increase in
their amplitudes during aging~curve 3!, which is accompa-
nied by a decrease inns , can be associated with the forma
tion of SiOH complexes with a strong chemical bond,
increase in the number of unpassivated dangling Si bon
and the formation of stable complexes. We note that t
model is consistent with the nonmonotonic temperature
pendences of the density of dangling silicon and oxyg
bonds in SiO2 and on a Si–SiO2 interface following postir-
radiation annealing in the range 772300 K which were ob-
served in Ref. 24 using electron paramagnetic resonance
were associated with the presence of hydride and hydro
groups in the oxide. The character of the oscillations of
density of these defects with annealing and the attend
variation of the built-in charge in SiO2 ~Ref. 24! correspond
to the character of the variation of the amplitudes of t
peaks in the relaxation spectra during the aging of sam
with OSF’s, which can be attributed to the formation a
structural transformation of complexes with hydrogen bon
upon annealing.

5. Thus, the kinetics of electric field screening in a ba
rier structure with a leakage channel is influenced by curr
spreading and negative feedback in the channel. The am
tude and rise time of the current pulse are restricted by
accumulation of space charge at the source due to cur
spreading and by a decrease in space charge at the drain
decay of the current and the accumulation of space charg
the drain are slowed due to disappearance of the sp
charge at the source. The radio-frequency channel cur
can have either a capacitive or inductive character and m
a contribution to the measured capacitance of the bar
structure. The slow relaxation of the surface leakage cur
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of Schottky barriers onn-Si with OSF’s is manifested in the
relaxation spectra, which reflect the nonmonotonic tempe
ture dependence of the surface conductance, which is
sumably caused by oxygen- and hydrogen-containing do
centers.
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Macroscopic ion traps at the silicon-oxide interface
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The drift kinetics of the mobile charge in SiO2 films, its capture on ion traps localized at the Si–
SiO2 interface, and ion emission from these traps are investigated by measuring the
capacitance-voltage characteristics, the dynamic current-voltage characteristics, and the thermally
stimulated depolarization current of the insulator. The current components~peaks! associated
with the emission of particles trapped on the interface during thermofield treatment are isolated in
an explicit form. The charge of the surface ions is shown to be neutralized mainly by Si
electrons, and the field dependence of the ion emission currents is characterized by an anomalous
Schottky effect associated with opening of the ion-trap potential by the external field. The
relationship between these traps and the potential inhomogeneities, i.e., potential wells for mobile
particles, on the interface under consideration is discussed. It is noted that the mobile ions
in the insulator can be used for interface potential inhomogeneity diagnostics. ©1998 American
Institute of Physics.@S1063-7826~98!00612-7#
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The mobile ionic chargeQm in the SiO2 films in silicon
metal-oxide-semiconductor~MOS! structures1 can be cap-
tured on traps located at the interface during appropriate~po-
larizing or positive! thermofield treatment, which induces th
displacement ofQm toward the Si–SiO2 interface.2 During a
depolarizing~negative! thermofield treatment, the kinetics o
the migration of the mobile charge are often assigned to
thermal emission of ions that were initially localized in the
traps. In other words, at elevated temperatures~;200°C! the
mobility of the ions is fairly high, and the transport of pa
ticles captured in traps through the thin insulator layer un
the action of a field is limited by their emission from th
traps. Just such an approach has been used for the mos
in interpreting data from experimental investigations of t
thermally stimulated depolarization~TSD! currents in Si-
based MOS structures;3–5 however, the nature of such inte
facial traps has not been thoroughly established.

The investigation of TSD currents has revealed that
activation energy for the ion emission from traps depends
the electric fieldE applied to the SiO2 film, and it has usually
been assumed that the field dependence of the emission
obeys a}exp(aE 1/2/kT) law,6,7 wherea is a proportionality
factor,k is Boltzmann’s constant, andT is the temperature. A
similar dependence onE was also observed in investigation
of the drift kinetics ofQm using dynamic current-voltag
characteristics.8,9 However, it was found thata.a0

5q3/2@(¸22¸1)/¸1(¸11¸2)#1/2 ~q is an elementary charge
and¸1 and¸2 are the dielectric constants of the contacti
media!, wherea0 corresponds to the field-induced lowerin
of the image-force potential barrier~the normal Schottky
effect!.

Another feature of the behavior of ions near the interfa
is their partial neutralization, but the mechanism of this p
1281063-7826/98/32(12)/5/$15.00
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sivation is still not entirely clear.1,10 The neutralization of
ions on the interface can occur as a result of their capture
surface traps followed by neutralization of the ionic char
by silicon electrons, and then this portion of the ions w
play the role of sources of specific interface states, as
probably observed in Ref. 11.

Macroscopic dipole-charge formations on an inhomo
neous semiconductor-insulator interface were considered
model of effective ion traps in Ref. 12. One characteris
feature of such traps is that they have a long-range poten
which leads to a strong field dependence of the emission
of particles trapped in them in proportion~in weak fields! to
exp(aE g/kT) (1/2,g,2/3) with a.a0 ~the anomalous
Schottky effect!.

A more complete study of the mechanism of the neutr
ization of mobile ions at the Si–SiO2 interface requires iso-
lating the current component caused by the deneutraliza
of particles in an explicit form. The solution of this proble
is the subject of the present work, which examines ion em
sion from surface ion traps.

1. Experimental results. The experiments were per
formed on Al–SiO2–Si~KÉF-4.5!–Al–n-Si MOS structures,
which were fabricated by oxidizing the Si substrate in
atmosphere of dry oxygen. The thickness of the SiO2 layer
(h) was 0.2 mm, and the area of the structures w
S50.3631022 cm2. The measurements were performed
a constant temperatureT5520 K. The experiments were ca
ried out in the following manner. At first positive thermofie
treatment was performed: a polarizing potentialVs5210 V
was supplied to the semiconductor layer of the MOS cap
tor, inducing the migration of the positively charged ions
SiO2 toward the interface with Si. The sample was held
that value ofVs until the polarization current dropped t
4 © 1998 American Institute of Physics
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FIG. 1. Dynamic current-voltage
~1! and capacitance-voltage~2!
characteristics for MOS structure
on n-Si. bv , mV/s: a — 16, b —
55, c — 176.I m , A: a — 10210,
b — 3.45310210, c — 1.131029;
Cox562.2 pF.
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zero. After completion of the polarization process, the vo
ageVs was varied according to a linear law with the timet
toward depolarizing values. The dynamic current-volta
characteristicI (Vs) and the ‘‘radio-frequency’’~1 MHz! ca-
pacitance of the structureCrf(Vs) were recorded asVs was
varied.

Figure 1 shows typical plots ofI (Vs) ~curves 1! and
Crf(Vs) ~curve2!, which were obtained for various values
the sweep ratebV5dVs /dt. It is seen that the depolarizatio
current has two peaks and that the maximum of the firs
them is located atVs0521.4 V, i.e., its position does no
depend on the sweep rate of the bias voltage of the struc
This is evidence in support of a mechanism of quasiequi
rium ‘‘overflow’’ of ions from the Si–SiO2 contact to the
metallic electrode.13 The effective surface concentration
ions found from the area of this current peak~relative to the
bVCox level, whereCox is the geometric capacitance of th
dielectric gap of the MOS structure! is Nm1'5.9
31012 cm22.

The position of the maximum of the second peak cor
sponds to inversion of the silicon near-surface charge~the
electric field in the SiO2 layerEox;Vs /h>105 V/cm!, and as
bV increases, the peak is displaced toward larger depola
ing values of the potentialVs ~larger values of the fieldEox).
The concentration of ions here isNm2'2.831012 cm22.

Unlike the depolarization current, the capacitance of
structure does not depend onbV . In the initial region of the
decrease inCrf(Vs), which corresponds to passage of the
surface from an accumulation state to a depletion state aVs

is varied, there is a feature, which reflects the drift of the io
~which cause the first current peak! from the Si–SiO2 inter-
face to the metallic electrode. In fact, in this case the rate
-
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e
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variation of the surface potentialws8 of the semiconductor
relative to its bulk value~or the variation ofCrf) can be
determined by both the rate of variation of the external vo
ageVs and the rate of ‘‘departure’’ of ions from the inter
face. As the positive ionic charge drains from the interfa
the rate of variation ofws8 drops, and ultimately, after the
current in the first peak drops to values of the order
bVCrf , the derivativedws8/dt is determined only by the
variation ofVs .

2. Drift kinetics of the mobile charge inSiO2. Let us
now turn to the current peaks observed at higher value
Vs . Two cases are possible here: a! as Eox is gradually in-
creased, the current peak is caused by the drift of ions in
SiO2 layer from the semiconductor-insulator interface to t
gate of the MOS structure; b! the current peak reflects th
emission of particles from surface ion traps stimulated by
external field.

Let us estimate the mobility of the ions causing the s
ond peak under the assumption of a drift mechanism of c
rent flow. In this case the characteristic time for ion dr
through the SiO2 layer td5h/vd5h/mdEox;h2/mdVm

;DVs /bV , i.e., md;bVh2/VmDVs , whereVd is the drift
velocity of the ions,md is their drift mobility, Vm is the
position of the maximum of the current peak, andDVs is the
full width at half-maximum~FWHM! of the peak. For ex-
ample, for the valuesbV55.531022 V/s, Vm'6.95 V, and
DVs'5.35 V, which correspond to the condition for obse
vation and the parameters of the second current peak~Fig. 1,
curve1b!, we findmd'5.92310213 cm2/V•s. According to
Ref. 14, the known species of mobile ions in SiO2 have the
following values under the present temperature regi
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FIG. 2. TSD curves of an MOS structure fo
various values of the depolarization voltag
Vs , V: 1 — 10, 2 — 20.36,3 — 30.51. The
temperature sweep rate is'0.3 K/s.
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(T5520 K! for the measurements:md5m0exp(2Ed /kT) (Ed

is the activation energy for ion drift!: md(Li1)56.98
31028 cm2/V•s, md(Na1)51.9131028 cm2/V•s, and
md(K1)52.1310213 cm2/V•s. Thus, it can be presume
that the nature of the second current peak is governed by
drift of potassium ions through the SiO2 layer.

In order to analyze this hypothesis, experiments invo
ing measurement of the TSD currents of the structure un
investigation were performed at various depolarization v
ages~Fig. 2!. Like the dynamic current-voltage character
tics, the TSD current has two peaks. Omitting the deta
analysis of the current peaks, we note that if the nature of
second peak is governed by the drift of K1 through the SiO2
film, the observed currents should not exce
I m5qSNm2m2(Tm)Vs /h2 (Tm is the temperature at th
maximum of the second current peak!, i.e., 4310213,
7310214, and 2.4310214 A for curves1, 2, and3, respec-
tively. The observed current values clearly exceed the va
just listed~Fig. 2!.

3. Neutralization of ions at theSi–SiO2 interface. We
next show that the group of ions considered, which are
tially localized at the silicon-oxide interface, are in a neut
state. In fact, the condition that the mobile particles be i
charged state leads to the displacement ofCrf(Vs) along the
voltage axis toward more positive values by;Vs*
54pqNm2h/¸ox525.3 V (̧ ox is the dielectric constant o
SiO2), i.e., the minimum on the capacitance vs voltage cu
should then be observed in the region of the second cur
peak. The position of the minimum ofCrf(Vs) at Vs50.35 V
clearly points out the neutral state of these particles. T
circumstance, as well as the anomalously high values of
he
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TSD currents, support using an emission model to desc
the migration kinetics of the mobile charge causing the s
ond peak on the dynamic current-voltage characteristics,
emission process being preceded by deneutralization of
mobile particles captured in traps.

4. Field dependence of the rate of ion emission fro
interface traps. The existence of a dependence of the po
tion of the second current peak on the sweep ratebV indi-
cates that emptying of the ion traps is stimulated by the fie
Two models are usually utilized to interpret such a field d
pendence of the emptying rate: a! the ions are captured o
negatively charged microscopic ion traps located near
interface, where the field stimulation of their emptying
caused by the Poole–Frenkel effect;7,15 b! the ions are
trapped on the interface by the surface image-force poten
they are neutralized by semiconductor electrons, and t
emission in an electric field is specified by the norm
Schottky effect.6,8,9 We shall show that these models do n
properly describe the results of our experiments.

The concentration of negatively charged microscopic
traps near the Si–SiO2 interface should be no smaller tha
Nm2. After a depolarizing thermofield treatment of the stru
ture, such a negative charge should lead to displacemen
the capacitance-voltage characteristic along the voltage
by ;Vs* in the negative direction. However, the minimum
the quasistatic capacitance-voltage characteristic measur
T5300 K after a negative thermofield treatment is observ
at Vs511.9 V. Moreover, in the case of a homogeneo
distribution of these traps throughout the oxide, some sy
metry should be observed in the current peaks correspon
to the group of ions under consideration relative to theVs ~or
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t! axis for the forward and reverse bias voltage sweep
directions, but we did not observe such an effect. All t
points to the absence of microscopic ion traps.

Let us perform the further analysis for the general c
in which the probability of ion emission from a trap in th
insulator is proportional to exp@2(E02aE g)/kT#, where
aE g is the lowering of the emission barrier by the extern
field E ~E is the absolute value of the field in the insulator
the interface with the semiconductor!, the parametersa and
g depend on the form of the potential and the nature of
trap model~see Ref. 12 and the accompanying text!, andE0

is the thermal ‘‘ionization’’ energy of a trap, which include
the energy needed for the deneutralization process. Th
fore, the equation of the trap emptying kinetics in the a
sence of recapture has the form

dni

dt
52nniexpF2

E02aE g~ t !

kT G
(ni is the current concentration of trapped ions, andn is the
frequency factor!, and its solution is

ni5Nm2expH 2
1

tE0

t

expFaE g~ t8!

kT Gdt8J ,

wheret5n21exp(E0 /kT) is the thermal lifetime of an ion in
a trap. The absolute value of the ion emission current

I 52qS
dni

dt
5

qSNm2

t
expH aE g

kT
2

1

tE0

t

expFaE g~ t8!

kT Gdt8J
as a function ofE has a maximum atE5Em , whereEm is
defined by the equation

agEm
g21S dE

dt D E5Em5
kT

t
expS aEm

g

kT D . ~1!

We note further thatdE/dt5bV /h under the conditions
of the experiment. In fact, the maximum of the current pe
under discussion corresponds to inversion-type band ben
in silicon. In this case the potentialws852(Vs2ws) of the Si
surface calculated relative to the value in the bulk of
semiconductor satisfies the equationl(v021)5l21exp(v0)
~Ref. 16!, where ws is the potential of the Si surfacev0

5q(Vs2ws)/kT, l5Nd@(114nin
2 /Nd

2)1/211#/2nin , Nd is
the concentration of the donor impurity, andnin is the intrin-
sic carrier concentration in silicon. With the parameters u
(Nd51015 cm23 and T5520 K! ws8'20.26 V. The field
E5(ws2V0)/h, whereV0 is the zero-field potential at th
semiconductor-insulator interface~i.e., whenws5V0, E50;
for more information regardingV0 see Ref. 17!. Assuming
that there is no accumulation of the total chargeQm in the
bulk of the SiO2 layer during the measurements of the d
namic current-voltage characteristics~i.e., that all the mobile
ions are localized at the metal/SiO2 interface in the voltage
range corresponding to the second current peak! and allow-
ing for the weak dependence of the inversion-type ba
bending in silicon onVs , we havedV0 /dt'0, dws /dVs

'1, anddE/dt'bv /h.
Thus, in the coordinates

x5Em
g , y5 ln~bVEm

g21! ~2!
g

e

l
t

e

re-
-

k
ng

e

d

d

Eq. ~1! is a straight line with a slopea/kT relative to theEm
g

axis. In other words, the form of Eq.~1! ~for these coordi-
nates! is self-similar relative to the nature of the field stim
lation of the ion trap emptying rate, permitting its use
elucidate the mechanism of ion emission in an external fi
and to thereby investigate the nature of the interface
traps.

5. Mechanisms of the field emission of ions from int
face traps. In order to obtain the experimental dependenc
just indicated we must know the relationship betweenEm and
Vs . Taking into account the smallness ofws8 (uws8/Vsu!1),
we shall henceforth setws'Vs . If, in addition, we take~as,
for example, in Ref. 18! Vs0, i.e., the position of the maxi-
mum of the first current peak, as the value ofV0, we have
Em5(Vsm2Vs0)/h, whereVsm is the position of the maxi-
mum of the second current peak on the dynamic curre
voltage characteristics.

Let us next consider the possibility of the realization
the normal Schottky effect. Figure 3 shows the plot in t
coordinates ~2! for g51/2 obtained from the dynamic
current-voltage characteristics measured with various va
of bV : 1 — 0.016,2 — 0.025,3 — 0.033,4 — 0.055,5 —
0.176 V/s. It is seen that this dependence is a straight
with a slopea/kT58.4831023 ~V/cm!21/2. At the mea-
surement temperatureT5520 K we have a56.085
310223C~V•cm)1/2. The value for the normal Schottky ef
fect is a052.18310223C~V•cm)1/2, i.e., the value ofa
found is 2.8 times greater thana0. This finding points out the
weak influence of the image-force potential.

On the other hand, the anomalous field dependence
the ion emission currents~the anomalous Schottky effec!
indicate the presence of interface ion traps created by m
roscopic dipole-charge formations.12 In the case of charged
‘‘circular’’ ~not excessively extended! spots g51/2, and
a.a0 by several fold, as was observed in our experimen
The total negative charge of these spots should then be
less thanqSNm2. However, such a value of the charge wou
lead to shifts of the capacitance-voltage characteristic aft
negative thermofield treatment of the structure, which are

FIG. 3. Experimental plot in the coordinates~2! for g51/2.
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observed experimentally~see Sec. 4!. Therefore, the charge
state of the macroscopic ion traps is neutral as a wh
pointing out the ‘‘dipole’’ nature of the surface potenti
inhomogeneities.

Figure 4 presents the plot in the coordinates~2! for
g52/3, which corresponds to the case of dipole spots.12 This
dependence has the form of a straight line with the sl
a/kT57.7831024 ~V/cm!22/3.

According to Ref. 12, for a circular dipole spot~of radius
R! a53/2$q2@¸s /(¸ox1¸s)#DxR2%1/3, where¸s is the di-
electric constant of silicon andDx is the dipole ion potentia
energy jump, and for the experimental value ofa we find
R@Å#'41(0.1 eV/Dx)1/2. We note that this relation pro
vides an effective estimate of the parameters of dipole sp

Thus, the conventional methods for treating the field
pendences of ion currents,6–9,15in which a definite value ofg
is postulated at the onset~for example,g51/2 for the normal
Schottky effect or the Poole–Frenkel effect! can lead, as we
see, to errors in the interpretation of experimental resu
and a more complicated analysis is needed to determine
emission mechanism and the parameters of interface
traps.

A more detailed analysis requires data on the form a
characteristic dimensions of the macroscopic charge and
pole spots, the statistical variability of their parameters, e
However, the experimental methodical approach used in
present work has already enabled us to achieve the follow
results: the drift kinetics ofQm in the SiO2 layer have been

FIG. 4. Experimental plot in the coordinates~2! for g52/3.
e,

e
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analyzed; it has been shown that some of the mobile ions
trapped on the Si–SiO2 interface~on interface ion traps! with
subsequent neutralization of their charge by electrons fr
the semiconductor; a field dependence of the emptying
of these traps has been discovered; the possible mechan
of the field-induced trap emptying have been analyzed on
basis of experimental data; a generalized theoretical ana
of field-induced trap emptying has been performed; gene
ized coordinates, in which the construction of experimen
dependences reveals the nature of interface ion traps,
been proposed for application to the experimental met
used; it has been shown that these traps are created by
roscopic dipole spots on the interface; and estimates of
effective values of the parameters of these inhomogene
have been given.

We note in conclusion that experiments devised to inv
tigate ion currents in the insulator can serve as an effec
tool for studying the semiconductor-insulator interface a
permit the performance of a unique kind of ‘‘ion probing’’ o
macroscopic inhomogeneities on this boundary.
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Manifestations of the deneutralization of mobile charges in SiO 2 in the spectroscopy
of the silicon-oxide interface

S. G. Dmitriev and Yu. V. Markin
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The total number of mobile ions in the oxide film in a Si-based MOS structure is determined by
the conventional methods of recording capacitance-voltage and dynamic current-voltage
characteristics. The fraction of ions in the neutral state at the Si–SiO2 interface is determined.
Spectroscopy of the interface reveals a peak of the effective density of interface states. It
is shown that the number of states in this peak corresponds to the number of neutralized particles.
The mechanism for neutralization of the mobile charge of ions is discussed.
© 1998 American Institute of Physics.@S1063-7826~98!00712-1#
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The mobile ionic charge (Qm) in SiO2 films on
silicon1–3 is one of the main causes of the instability of t
electrophysical characteristics of Si-based MOS structu
and devices based on them;4 therefore, a fairly large amoun
of attention has been devoted to research on the kinetic
ion drift. It has been established thatQm is created by posi-
tively charged alkali-metal Li1, Na1, and K1 ions, which
become mobile at elevated temperatures (;2002300 °C! in
fields equal to 1052106 V/cm.1,2

Several studies have been devoted to the influenc
mobile ions on the spectrum of interface states at
Si–SiO2 boundary.5–8 It is shown that, unlike the SiO2 bulk,
where Li1, Na1, and K1 ions create a high donor leve
relative to the bottom of the Si conduction band,9 the ions
localized at the interface modify the spectrum of interfa
states in an energy range which corresponds to the sil
band gap.

Another special feature of the behavior of ions near
interface is their partial neutralization, which is especia
characteristic of the ‘‘chlorine’’ oxide;1,10 however, the
mechanism of such passivation is still not entirely clear.1 In
addition, there has been no comparison of the numbe
particles in the neutral state with the degree of modificat
of the spectrum of interface states.

The drift kinetics ofQm observed in thermally stimu
lated depolarization experiments2,3,11–13are often described
using a model of surface ion traps, whose the emission
rent makes an additional~and sometimes decisive! contribu-
tion to the observed thermally stimulated depolarization c
rents. However, the emission mechanism itself and
nature of such interface traps have likewise not been es
lished.

The structure of the potential induced by dipole~or
charged! ‘‘spots’’ on an inhomogeneous semiconducto
insulator interface was considered in Ref. 14. It was sho
that the potential wells appearing in this case can serv
effective traps for charged particles, especially for posit
ions in the insulator.

In the present work the total number of ions migrati
1281063-7826/98/32(12)/4/$15.00
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toward the Si–SiO2 interface during thermofield treatmen
and the fraction of these ions which are in the neutral s
are determined from the results of an experimental inve
gation of thermally stimulated depolarization currents, d
namic current-voltage characteristics,2 and radio-frequency
and quasistatic capacitance-voltage characteristics,2,9 and the
influence of the ions on the spectrum of interface state
analyzed on the basis of data from the spectroscopy of
silicon-oxide interface.

The experiments were performed on Al–SiO2– Si–Al
MOS structures fabricated by oxidizing a substrate
n-Si~100! ~KÉF-4.5! in an atmosphere of dry oxygen. Th
thickness of the SiO2 layer was 0.104mm, and the area of
the structures wasS50.2531022 cm2. The measurement
were performed in the temperature range 200<T<500 K.
The experimental procedure was as follows. The sample
first subjected to a depolarizing thermofield treatment:
structure was heated toT5500 K with the voltageVs57 V
on the Si substrate and held at that temperature for 30 m
At the conclusion of the depolarization process, which
duced the displacement ofQm to the metal-SiO2 interface,
the structure was cooled toT5300 K, and synchronous mea
surements of the radio-frequency and quasista
capacitance-voltage characteristics were carried out~see the
inset in Fig. 1!. Next, the depolarization process was r
peated, and the sample was subsequently cooled toT5200
K, at which the radio-frequency capacitance-voltage char
teristic of the structure investigated was recorded with
variation ofVs according to a linear law with respect to tim
at the ratebV526 mV/s. Then the structure was heated
T5500 K, at which the sample was held for 30 min unde
polarizing biasVs5210 V. Such a thermofield treatmen
induced the migration of mobile positively charged ions
ward the Si–SiO2 interface. At the conclusion of the polar
izing process, for the purpose of determining the numberNm

of mobile ions reaching the interface, the structure w
cooled toT5200 K without altering the value ofVs , the
radio-frequency capacitance-voltage characteristic was
corded, the sample was heated toT5500 K, and dynamic
9 © 1998 American Institute of Physics
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FIG. 1. Radio-frequency capacitance
voltage characteristics obtained befo
~1! and after~2! a polarizing treatment
of the sample; Cox583 pF, DVs

59.57 V. Inset — radio-frequency~1!
and quasistatic~2! capacitance-voltage
characteristics before polarization o
the structure;bV51.631022 V/s.
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current-voltage characteristics@ I (Vs)# were measured. The
a repeated thermofield treatment, which caused repeated
gration of ions to the interface, was performed without var
tion of the conditions of the thermofield treatment on t
structure under investigation, and then the sample
cooled toT5200 K. The constant bias voltageVs57 V was
applied to the structure at that temperature, and the sam
was heated at the ratebT50.13 K/s. The temperature depe
dences of the thermally stimulated depolarization curr
I (T) and the radio-frequency capacitanceCrf(T) were re-
corded during the heating.

Figure 1 presents the experimental radio-freque
capacitance-voltage characteristics of the structure reco
before ~curve 1! and after ~curve 2! the polarizing ther-
mofield treatment, and Fig. 2 shows the dynamic curre
i-
-

s

le

t

y
ed

t-

voltage characteristic. The effective~brought to the surface!
concentration of mobile ionsNm found from the area of the
current peak on the dynamic current-voltage characteristi
2.2431012cm22. The shift DVs of the radio-frequency
capacitance-voltage characteristics, in turn, gives the va
Nm* 5231012cm22 ~for the purpose of avoiding the influenc
of the fluctuation potential and other effects caused by
migration of ions toward the interface,6 DVs was found in
the range of capacitance valuesDCrf in which the character-
istics obtained before and after the thermofield treatment
incide if parallel displacement along theVs axis is added!.
Thus, the passivation parameter1 P5(Nm2Nm* )/Nm'0.11,
and the number of neutral particlesN052.431011cm22. In
addition, the deneutralization process is reflected on the
-
s

FIG. 2. Dynamic current-voltage characteris
tic of the structure studied. The arrow mark
the feature on theI (Vs) curve.
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FIG. 3. Temperature dependence of the depolarization current~1! and the radio-frequency capacitance~2! of the structure studied. The arrow marks the featu
on theI (T) curve.
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rent peak of the dynamic current-voltage characteristic in
form of a feature~which is marked by an arrow in Fig. 2! on
the descending branch ofI (Vs), whose form indicates the
‘‘opening’’ of an additional ion current channel. This con
clusion was tested in the following manner. The experim
preceding the measurements of the thermally stimulated
polarization currents was repeated for the purpose of find
the values ofNm and Nm* again. If no deneutralization pro
cess occurred during the first measurements ofI (Vs), the
new values ofNm and Nm* should coincide (Nm'Nm* ), but
the repeated cycle gave the former concentration values

Figure 3 shows plots ofI (T) ~curve1! andCrf(T) ~curve
2!. The current peak has a dip in the region whereCrf varies
abruptly. It is due to relaxation of the semiconductor spa
charge region during the thermally stimulated drift of io
from the Si–SiO2 interface toward the metal.15 In the initial
portion of the dip on theI (T) curve there is a feature~it is
indicated by an arrow in Fig. 3!, which can be assigned t
the equilibrium charge exchange of a certain interface-s
level at the semiconductor-insulator contact during
gradual increase in the depletion-inducing band bending
Si.

The component associated with the charge exchang
interface states can be isolated from the total currentI (T) by
a procedure similar to the treatment of data obtained fr
synchronous measurements of the radio-frequency and
sistatic capacitance-voltage characteristics.9 In the absence o
the injection of mobile ions and other charges from SiO2 into
Si, I (T) is equal to the current flowing from the semicondu
tor layer of the MOS capacitor:I (T)52bTSd(sv
1sss)/dT5bTS(Cv1Css)dws /dT, wheresv is the charge
density of the semiconductor space-charge region brough
the surface,sss is the electron charge density in interfa
states,Cv52dsv /dws is the low-frequency capacitance o
the semiconductor space-charge region,Css52dsss/dws
e

t
e-
g

-

te
e
in

of

a-

-

to

5q2Nss(Fs) is the capacitance associated with the equilibriu
emptying of the interface states,ws is the potential of the Si
surface,q is an elementary charge,Nss(Fs) is the density of
interface states with a continuous energy distribution,Fs is
the Fermi level at the semiconductor surfac
Fs5F02qws ,F052kT ln(Nd /Nc), k is Boltzmann’s con-
stant,Nd is the dopant concentration in the Si substrate, a
Nc is the effective density of states in the semiconduc
conduction band.

Having the experimentalCrf(T) curve and following the
algorithm described in Ref. 9, we can findCv(T), ws(T), the
derivative dws /dT by numerical differentiation, and
thereby, the density of interface statesNss(Fs).

Figure 4 presents the spectrum of interface sta
Nss(Fs) obtained fromI (T) andCrf(T) ~curve1!, as well as
a plot of Nss(Fs) found from a treatment of the quasistat
and radio-frequency capacitance-voltage characteris
~curve 2! according to the procedure described above w
consideration of the replacementsbT→bV and T→Vs . It
can be seen that the presence of ions at the Si–SiO2 interface
modifies the spectrum of interface states dramatically: a
from the increase in the density of states on the spectrum
which is caused both by the fluctuation potential16 and by
other effects,6,7 there is also a peak atFs'260 meV. In
addition, the number of states in the peak isNs'3
31011cm22, which coincides to within 25% with the numbe
of neutral particlesN0. Similar ‘‘generation’’ of a peak in the
density of interface states was observed in Ref. 8, but
experiments have been performed to reveal the numbe
neutralized mobile ions, and there has not been any comp
son with data from the spectroscopy of the Si–SiO2 inter-
face.

Thus, it can be concluded from the results of this wo
that the mobile ions found at the Si–SiO2 interface are par-
tially neutralized by trapping electrons from the semicond



le
on
on
of
re

th
o

Th
tio
th
ed

em
ra
er
tr

xt
m

odel
uch
ole

of
to

,

-

ef

1292 Semiconductors 32 (12), December 1998 S. G. Dmitriev and Yu. V. Markin
tor layer of the MOS structure. The drift ofQm toward the
metallic electrode stimulated by the temperature or an e
tric field is accompanied by deneutralization of that porti
of the ions, which is manifested in the form of features
the I (T) and I (Vs) curves. In addition, the spectroscopy
the interface performed by treating synchronously measu
I (T) andCrf(T) curves reveals a monoenergetic peak in
effective density of interface states, in which the number
states corresponds to the number of neutral particles.
provides evidence that the kinetics of the deneutraliza
process are described by a single activation energy. In o
words, a portion of the mobile ionic charge is neutraliz
initially by the capture of ions on interface traps~i.e., by the
localization of ions at the Si–SiO2 interface! with the subse-
quent trapping of electrons from the semiconductor on th

A more complete study of the mechanism of the neut
ization of mobile ions on the semiconductor-insulator int
face requires isolating the component caused by deneu
ization of the particles from the total currentI (T) @or I (Vs)#.

FIG. 4. Energy dependence of the density of interface electron states b
~2! and after~1! a polarizing thermal treatment of the sample.
c-

d
e
f
is
n
er
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The solution of this problem will be the subject of our ne
paper, in which we shall examine the emission of ions fro
surface ion traps.

Surface-charge formations were considered as a m
of such traps in Ref. 14. One characteristic feature of s
traps is that they have long-range Coulomb and/or dip
potentials, which leads to a field dependence of the rate
emission of particles trapped on them in proportion
exp(aE g/kT), where a is a proportionality factor, whose
form depends on the nature and parameters of the spots14 E
is the external electric field, and 1/2,g,2/3. In the case of
charged ‘‘circular’’ spots (g51/2) we have a.a0

5q3/2@(¸22¸1)/¸1(¸11¸2)#1/2 (¸1 and ¸2 are the dielec-
tric constants of the contacting media! when lowering of the
barrier height occurs because of the image forces17,18 ~the
normal Schottky effect!.
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Transformation of nonradiative recombination centers in GaAs/AlGaAs quantum well
structures upon treatment in a CF 4 plasma followed by low-temperature
annealing
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The influence of low-temperature annealing on the photoluminescence of GaAs/AlGaAs single-
quantum-well structures treated in a low-energy CF4 plasma is investigated. It is established
that annealing at 160– 300 °C causes a decrease of the photoluminescence intensity of the quantum
wells located in the near-surface region, while annealing at 350– 450 °C leads to partial
restoration of their photoluminescence. The activation energy for the diffusion of plasma-
produced point defects and the activation energy for the annealing of these defects are determined.
These energies are equal to 150 and 540 meV, respectively. It is discovered that the
photoluminescence of the quantum wells near the substrate, which had a low intensity in the as-
grown sample, increases after treatment in the plasma and decreases after subsequent
annealing monotonically with increasing annealing temperature. Repeated treatment in a CF4

plasma leads to a repeated increase in the photoluminescence intensity of these quantum
wells. It is theorized that the defects induced by the CF4 plasma form complexes with defects
introduced during growth and that these complexes are not recombination centers. After
low-temperature annealing, the complexes dissociate, and the nonradiative recombination centers
are recreated. ©1998 American Institute of Physics.@S1063-7826~98!00812-6#
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1. INTRODUCTION

Treatment in a low-energy fluorine-containing plasma
widely used to selectively remove SiO2 and Si3N4 masks
from the surfaces of III–V structures during the fabricati
of various microelectronic devices and low-dimension
structures. To completely remove the mask material,
structures are subjected to etching, during which the low
lying layers are bombarded by plasma ions and dama
The defects introduced as a result significantly alter the
minescence and electrical properties of the near-surface
ers of the structures.1–14

Wong et al.1 suggested that the defects produced in
near-surface region of structures could be studied by inv
tigating the photoluminescence~PL! spectra of GaAs/
AlGaAs single-quantum-well structures. The exposure
such structures to a low-energy plasma leads to a decrea
the PL intensity of the quantum wells~QW’s! located in the
near-surface region due to the production of point defe
which act as nonradiative recombination centers. We disc
ered that the exposure of GaAs/AlGaAs QW structures t
low-energy plasma (CF4, Ar, or Kr! can cause not only a
decrease, but also an increase in the PL of QW’s that
deeper than the damaged region.4 In the present work, to
ascertain the reasons for the plasma-induced increase i
PL of QW’s, we investigated the influence of the anneal
1291063-7826/98/32(12)/6/$15.00
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temperature on the PL intensity of QW’s in structures e
posed to a low-energy CF4 plasma.

2. EXPERIMENTAL CONDITIONS

A GaAs/Al0.3Ga0.7As structure grown on a substrate
semi-insulating GaAs~100! was used in the experiment.
consisted of a GaAs buffer layer with a thickness of 1mm,
an Al0.3Ga0.7As layer with a thickness of 0.5mm, and six
GaAs QW’s with thicknesses of 2.2, 2.8, 3.4, 4.2, 5.6, a
8.5 nm, which were separated by Al0.3Ga0.7As barriers with a
thickness of 24 nm. The thickness of the QW’s increas
with increasing depth within the structure. A short-peri
GaAs/AlAs superlattice was grown within a 0.5-mm
Al0.3Ga0.7As layer to prevent the diffusion of impurities an
point defects into the structure from the substrate. The st
ture was covered by a GaAs overlayer with a thickness of
nm. The treatment was carried out in a CF4 plasma at a
pressure of 0.07 Torr, a power density of 1 W/cm2, and a
self-bias voltage equal to roughly2300 V. Rapid thermal
anneals were carried out in an argon atmosphere success
at temperatures from 160 to 450 °C for 30 s at each temp
ture. The structures were heated by 20 kW incandesc
halogen lamps. The vaporization of arsenic from the surf
was prevented by covering the sample with a GaAs wa
The PL was excited by a He–Ne laser operating at a wa
length of 632.8 nm with a power density of 20 W/cm2. The
3 © 1998 American Institute of Physics
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FIG. 1. a! Variation of the PL spectrum of a GaAs/AlGaAs quantum-well structure as a result of treatment of the structure in a low-energy CF4 plasma
followed by annealing: thick line — PL spectrum of the as-grown sample; thin line — PL spectrum of the sample after exposure to the plasma; da
— PL spectrum after annealing of the sample at 450 °C. The numbers1–6 correspond to the PL lines from the quantum wells with thicknesses equal to
2.8, 3.4, 4.2, 5.6, and 8.5 nm, respectively. b! Variation of the PL spectrum as a result of repeated treatment of the structure in the CF4 plasma and repeated
annealing: thick line — PL spectrum of the sample after the first treatment in the plasma and the first anneal; dashed line — PL spectrum of the sa
repeated plasma treatment; thin line — PL spectrum of the sample after repeated annealing. The numbers1–6 correspond to the PL lines from the quantu
wells with thicknesses equal to 2.2, 2.8, 3.4, 4.2, 5.6, and 8.5 nm, respectively.
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absorption coefficients of GaAs and Al0.3Ga0.7As for that
wavelength at 77 K are equal to 33104 and 13104 cm21,
respectively; therefore, about 3% of the exciting radiat
was absorbed near each quantum well in the structure u
ensuring their uniform excitation.

3. RESULTS

Figure 1a shows the PL spectra of a GaAs/AlGaAs Q
structure before exposure, after 120 s of exposure to the
energy CF4 plasma, and after low-temperature (T5450 °C!
annealing of the plasma-treated structure. It is seen from
figure that the spectrum of the as-grown sample conta
seven lines. The PL line with a maximum at 822 nm cor
sponds to a band-to-band transition in the GaAs layer.
other six lines correspond to transitions between s
quantized levels of electrons and heavy holes (1ehh) in the
six QW’s of different thickness. The intensities of the P
lines of the five QW’s closest to the surface of the struct
are also roughly identical, attesting to the good quality of
QW’s. At the same time, the PL intensity of the line of th
QW that is farthest from the surface of the structure is s
nificantly smaller, apparently because of the large concen
tion of defects formed when this QW was grown, which a
as nonradiative recombination centers. After exposure of
n
ed,

w-

he
s
-
e
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e
e
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structure to the CF4 plasma for 120 s, the intensity of the P
lines of the two QW’s closest to the surface decreases,
the intensity of the PL lines of the deepest QW increas
After the structure is annealed atT5450 °C, the intensity of
the PL lines of the QW’s closest to the surface is partia
restored, while the intensity of the PL line of the deepest Q
decreases and essentially returns to the PL intensity l
observed in the structure before exposure to the plasm
should be noted that the energetic position of the PL lin
does not vary as a result of exposure of the structure to
plasma and subsequent annealing.

As can be seen from Fig. 1b, repeated exposure of
annealed structures to the CF4 plasma again leads to an in
crease in the PL intensity of the deepest QW, and subseq
annealing of the structure causes a drop in its PL. Such
havior of the PL is an indication of the reversible charac
of the processes occurring in the vicinity of the QW clos
to the substrate during treatment in the CF4 plasma and low-
temperature annealing.

Figure 2 shows the variation of the PL intensities of t
QW’s normalized to the PL intensity of the QW’s in th
as-grown structure as a result of treatment in the CF4 plasma
at various temperatures. The PL of a GaAs layer, which w
placed fairly far from the surface of the structure and was
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FIG. 1. ~continued!.
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damaged during exposure to the plasma, served as a m
for the normalization. The PL line of the QW closest to t
surface was not detected after exposure to the plasma.
PL intensity of the next four QW’s decreased after treatm
in the plasma and continued to decrease as the anne
temperature was raised from 160 to 300 °C. When the
nealing temperature was increased further from 300
450 °C, the PL intensity of these QW increased. It can a
be seen from the figure that the PL intensity of the deep
QW, unlike the intensity of the PL lines of the other QW’
increased by more than 10 fold after exposure to the pla
and decreased monotonically upon subsequent annealin
the structure.

4. DISCUSSION

The experimental results obtained provide evidence
two competing processes take place during annealing in
portion of the structure damaged by the plasma. At low
nealing temperatures~below 300 °C! the process leading to
an increase in the rate of nonradiative recombination in
QW’s dominates. In the vicinity of each QW there is pro
ably an increase in the concentration of point defects, wh
diffuse from the near-surface plasma-damaged region in
structure. The data obtained permit determination of the th
mal activation energy for the diffusion of these defects.
fact, after exposure to the CF4 plasma, the PL of the secon
QW from the surface of the structure~2.8 nm! drops by
roughly 100 fold, and nonradiative recombination is t
ker
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dominant process in it. In this case the PL intensityI PL is
inversely proportional to the concentration of nonradiat
recombination centers (NNR), and if it is assumed that on
type of nonradiative recombination centers dominates,
following relation holds:

I PL /I 051/~a•NNR!. ~1!

Here I 0 is the intensity of the exciting light, anda is a coef-
ficient, which depends on the cross section for the trapp
of carriers on the recombination centers, which cannot
determined from the available data.

Figure 3a shows the dependence of the concentratio
nonradiative recombination centers for the second QW w
from the surface of the structure on annealing temperat
which was constructed using~1!, as well as an approxima
tion of this dependence by an expression of the form

NNR5N0 exp~2x2/~4•t•D !!/~2Ap•D•t !, ~2!

which describes the variation of the defect density in the c
of diffusion from an infinitely thin source.15 HereN0 is the
initial concentration of nonradiative recombination centersx
is the distance from the surface of the structure to the QWt
is the annealing time, andD is the diffusion coefficient of the
defects, whose temperature dependence has the form

D5D0 exp@2Ea /kT#, ~3!
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FIG. 2. Variation of the normalized PL intensity of different QW’s~from the second to the sixth! as a consequence of plasma treatment followed by annea
at various temperatures.
d

te
f

e
s,

re

th
a
t

gi
tu

c

o
sm
in
to

tion
en-
s a
g
eo-
of
ti-
he
e
r-

al-
is

of
ro-
ese
ruc-
owth
are
n of
ew
e-
t in

of
ent
im-
whereD0 is the preexponential factor,Ea is the activation
energy for the diffusion of defects,T is the temperature, an
k is Boltzmann’s constant.

The best fit between the experimental and calcula
curves in the temperature range 160–300 °C is achieved
the valuesEa50.1560.07 eV andD05(8.466.6)31011

cm2/s. It should be noted that the value ofEa obtained is
considerably smaller than the values of the activation en
gies for the diffusion of intrinsic point defects in GaA
which are equal to 1.523 eV.16 The diffusion of defects is
probably facilitated significantly in the plasma-damaged
gion of the structure.

At annealing temperatures above 300 °C the PL of
QW’s is partially restored, probably as a result of the anne
ing of the plasma-induced defects. Figure 3b presents
experimental dependence of the defect density in the re
of the second QW from the surface on reciprocal tempera
and its approximation by a curve of the form

NNR5N0 exp~2EA /kT!. ~4!

The thermal activation energy of this process isEA50.54
60.04 eV.

As can be seen from Fig. 2, the PL-quenching defe
reach only the fourth QW from the surface~4.2 nm! and do
not go deeper. Nevertheless, the PL intensity of the sixth
deepest QW, which increases after exposure to the pla
decreases when the structure is annealed. The increase
PL intensity of this QW after exposure of the structures
d
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e
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ts

r
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the

the plasma can be due to the annihilation or transforma
of the defects which act as nonradiative recombination c
ters and existed in the structure before the treatment a
result of their interaction with point defects formed durin
exposure of the structures to the plasma. We previously th
rized that the increase in PL is a result of the annihilation
vacancies introduced during growth of the QW with inters
tial atoms which diffuse with anomalous speed from t
damaged region.4 This hypothesis is not confirmed by th
results obtained in this work. In fact, the energy for the fo
mation of vacancies amounts to at least 1 eV~Ref. 16!, and
the probability of their formation is very small at the anne
ing temperatures used in this work. The increase in PL
probably due to the formation of complexes consisting
rapidly diffusing plasma-induced defects and defects int
duced into the QW’s when the structure was grown. Th
complexes are not recombination centers. When the st
tures are annealed, the complexes dissociate, and the gr
defects, which are nonradiative recombination centers,
released. Evidence that annealing leads to the restoratio
defects of this type, rather than to the introduction of n
defects, is provided by the possibility of removing the d
fects introduced during an anneal by repeated treatmen
the plasma.

During exposure to the plasma, intrinsic point defects
the semiconductor can form, or chemical impurities pres
in the chamber of the plasma-treatment system can be
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FIG. 3. Dependence of the concentration of nonradiative recombination centers in the vicinity of the second QW from the surface of the structure on
annealing temperature in the temperature ranges 300–450 °C~a! and 160–300 °C~b!. Individual points — experimental data, solid line — calculated cur
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planted. As far as we know, the possibility of passivati
nonradiative recombination centers by intrinsic point defe
has not been discussed in the literature. On the other han
has been established that the defects which act as nonr
tive recombination centers in GaAs and GaAs/AlGaAs str
tures can be passivated by hydrogen, which forms comple
with these defects.10–12It is also known that such complexe
dissociate when these structures are subjected to
temperature~T<450 °C! annealing.10 Hydrogen might be
present in the plasma-treatment system and implanted in
structures; therefore, we have undertaken investigat
s
, it
ia-
-
es

w-

he
ns

aimed at elucidating the role of hydrogen in the phenom
described above.

5. CONCLUSION

The influence of low-temperature annealing on the PL
GaAs/AlGaAs single-quantum-well structures that we
treated in a low-energy CF4 plasma has been studied in th
work. It has been discovered that annealing at 160–300
leads to a decrease in the PL intensity of QW’s located in
plasma-damaged near-surface region and that annealin
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350–450 °C leads to partial restoration of their PL. The
crease in the PL intensity is associated with an increas
the concentration of defects diffusing from the surface i
the structure, and the restoration of the PL is associated
annealing of these defects. The activation energy for di
sion of the defects~0.15 eV! and the activation energy fo
recombination of the defects~0.54 eV! have been deter
mined. It has been established that the PL intensity of
deepest QW, which increases after exposure to the pla
decreases monotonically with increasing annealing temp
ture and that repeated exposure of the annealed structu
the plasma restores the PL of that QW. It has been postul
that the increase in the PL intensity of the QW’s duri
exposure to the plasma is caused by the passivation of
fects introduced into the structure during growth as a re
of the formation of complexes of those defects with plasm
induced defects. These complexes dissociate during l
temperature annealing.
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12É. M. Omel’yanovski�, A. V. Pakhomov, and A. Ya. Polyakov, Fiz. Tekh

Poluprovodn.21, 842 ~1987! @Sov. Phys. Semicond.21, 514 ~1987!#.
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The negative magnetoresistance ind-doped GaAs is investigated experimentally. It is shown for
highly perfect structures that the value of the prefactor in the expression for the negative
magnetoresistance significantly exceeds the theoretical value for a two-dimensional film with a
single filled size-quantized subband. The role of a large number of filled subbands and
intersubband transitions is discussed. It is shown that the symmetry of the wave functions and
the scattering potential ind-doped layers can cause the times of interband transitions
between subbands with different parity (t i , j ) to be greater than the phase-relaxation time of the
wave function (tw). Such a relation betweent i , j andtw should be manifested as a
significant increase in the prefactor. ©1998 American Institute of Physics.
@S1063-7826~98!00912-0#
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Since the pioneering work in Refs. 1 and 2, weak loc
ization and the associated phenomenon of negative ma
toresistance have been investigated in detail in various
tems: three-dimensional and classical thin films (1/kF!d
!Dtw , where d is the film thickness,D is the diffusion
coefficient, tw is the phase-relaxation time of the carri
wave function, andkF is the quasimomentum of an electro
at the Fermi level! and structures with size-quantized sta
(d'1/kF). In the latter case two situations are possible: o
or several size-quantized subbands are filled. Weak loca
tion and negative magnetoresistance have been studied
thoroughly in structures with two-dimensional~2D! carriers
when only one size-quantized subband is filled. In this c
the negative magnetoresistance, which is caused
magnetic-field suppression of the interference correction
the conductivity, is given in the isotropic case withBin (n is
a normal to the plane of the structure! by the known
expression3

Ds~B!5aG0w15aG0FCS 0.51
l 2

4Dtw
D

2CS 0.51
l 2

4Dtp
D1 lnS tw

tp
D G , ~1!

with the prefactora51. Here

G05
e2

2p2\
, l 25

c\

eB
, D5

s

e2NF

, NF5
m*

p\2
,

D is the diffusion coefficient,NF is the density of states a
the Fermi level,m* is the effective mass,tp andtw are the
momentum and phase relaxation times of the wave funct
respectively, andC(x) is a digamma function.~We shall not
1291063-7826/98/32(12)/5/$15.00
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discuss the contribution of the electron-electron interact
to the negative magnetoresistance in the structures inv
gated further.!

In structures with several filled size-quantized subba
the negative magnetoresistance depends significantly on
relation between the intersubband transition times (t i , j ) and
tw .4 It is easy to understand the results in two extreme ca
t i , j@tw and t i , j!tw . In the former case each subban
makes an independent contribution to the conductivity, a
the expression forDs(B) can be written in the form

Ds~B!5(
i

Ds i~B!. ~2!

In the latter case (t i , j!tw) the expression forDs(B) coin-
cides with ~1!, in which the values ofD and tw should be
replaced by their effective values:4,5

Deff5(
i

Di

NF
i

NF
,

1

tw
eff

5(
i

1

tw

NF
i

NF
,

NF5(
i

NF
i , ~3!

whereDi andNF
i are the diffusion coefficient and the densi

of states in thei th subband.
It has usually been assumed in analyses of negative m

netoresistance in metal-insulator-semiconductor structu
and heterostructures6 that t i , j!tw . This is probably true for
such structures, since at the low temperatures used to in
tigate negative magnetoresistancetw is of the order of
10211210212 s and is thus 223 orders of magnitude greate
thantp . Althought i , j exceedstp by several fold,7 it is still
much smaller thantw .
9 © 1998 American Institute of Physics
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From the standpoint of intersubband transitions,d-doped
layers stand out as an entirely separate case. There are
eral reasons for this.

1. In the case ofd-doped layers at a fairly large distanc
from the semiconductor surface, where the field created
the Schottky barrier is small, the potentialV(z), which forms
the size-quantized levels, is essentially symmetric relativ
the doping plane near thed layer ~Fig. 1!; therefore, the
electronic wave functionsFn(x,y,z)5 f (z)nf n(x,y) have a
definite parity with respect toz.

2. Intersubband transitions occur in response to the s
tering potentialVsc, which is equal to the difference betwee
the local potential@(e/k(r 2r i)1Ve , wheree/k(r 2r i) is
the potential of a single impurity andVe is the electron po-
tential# and the mean potential, which is equal to the sum
the potential of a uniformly charged plane (E0 /uzu) with the
charge densityene (ne is the concentration of the charge
impurity! and the electron potential. This potential

Vsc5( e/k~r 2r i !2E0uzu

decays rapidly in thez direction with a parameter of th
order of 20 Å.

Transitions between subbands with different parity c
occur only in response to the odd part of the scattering
tential, which appears only when the position of the impur
deviates from the doping plane, and thus in an ideal struc
such transitions are forbidden by virtue of the symmetry c
ditions. In reald-doped structures the thickness of the lay
containing the impurity (d) usually equals 10215 Å, and
the matrix element for transitions between states with diff
ent parity is small, being of the order ofd/^z&, where
^z&.1002200 Å is the characteristic size of the wave fun
tion in thez direction.

Thus, ind layers the relationt i , j.tw can be satisfied for
transitions between states with different parity. The time o
transition between states with the same parity is probably

FIG. 1. Energy diagram and wave functions of a structure with ad layer.
The parameters of sample 1L were used in the calculation. The wave fun
tion of subband 3 is not shown to avoid cluttering the figure.
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significantly greater thantp , and the reverse relation
t i , j,tw holds for them, i.e.,d layers can exhibit an unusua
~for interference effects! situation, in which the entire elec
tronic system is divided into two subsystems: carriers in e
subbands and carriers in odd subbands. The conditiont i , j

,tw holds within each of them, and the conditiont i , j.tw is
satisfied for transitions between them. In this case the ne
tive magnetoresistance is determined by a correction to
conductivity in the form of the sum of the contributions fro
the even (Dseven) and odd (Dsodd) subbands,

Ds5Dseven1Dsodd, ~4!

each of which is given by~1! with the corresponding effec
tive parameters~3!. The direct application of this expressio
to the analysis of experimental results is senseless, sin
requires knowledge of a large number of parameters, viz.,D,
tp , and tw , for each of the systems of subbands. If t
expression~1! is used in such an analysis, as we shall do
our analysis of all the experimental results, then the spe
feature ofd layers indicated above should be manifested a
need to introduce a prefactora.1. When the values ofD
andtw in the even and odd subbands are equal, the prefa
should be equal to 2.

The negative magnetoresistance ind-doped layers was
investigated in fairly great detail in Refs. 8–13, but empha
was placed in those studies on the determination of
phase-relaxation time and its temperature and concentra
dependences. Unfortunately, no conclusion regarding
value of the prefactor and the role of intersubband transiti
in the negative magnetoresistance can be drawn from
results presented in those papers.

In this paper we present the results of experimental
vestigations of negative magnetoresistance in silic
d-doped GaAs layers grown by MOCVD. The substrate us
was compensated GaAs, on which ann2-GaAs buffer layer
of thickness 500 nm, a layerd-doped with silicon, and an
n2-GaAs surface layer of thickness 100 nm were grown. T
electron concentration determined from Hall measureme
in a magnetic fieldB525 T and the Hall conductivity
m5R(25 T)s(B50) are listed in Table I. Measuremen
were performed on both samples cooled in the dark
samples subjected to illumination~in a state of frozen pho-
toconductivity!. The nature of the frozen photoconductivi
in d-doped GaAs is not entirely known, and we shall co

TABLE I. Parameters of the samples investigated.

Sample ne ,1012 m, 103 Bth , a (T54.2 K) Number of
No. a cm22 cm2/(V•s) kOe of subbandsb

1L 4.3 2.9 1.4 1.660.08 4
2L 3.2 2.7 1.6 1.460.08 3
1D 4 2.2 2.5 1.0860.08 4
2D 3 1.3 7.2 1.1760.08 3
3D 6 1.6 3.2 0.7560.08 4
4D 0.8 0.44 150 0.760.08 2

aThe letters in the sample number have the following meanings:D — mea-
surements in the dark,L — after illumination.

bThe number of filled subbands was determined from the Fourier spectr
the Shubnikov–de Haas oscillations.
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sider the results obtained on a single sample before and
illumination as the results for different samples. The m
surements were performed in a magnetic field parallel t
normal to the plane of the structure in the temperature ra
1.5220 K.

Let us first consider the results obtained on samplesL
and 2L. The magnetic-field dependence of the conductiv
of sample 1L at T54.2 K is shown in Fig. 2. The solid curv
in this figure depicts the result of fitting the experimen
data to the expression~1! using the expression
tp5mm* /e and D5s/(e2NFN) and the fitting parameter
a andtw @N is the number of filled subbands~see Table I!#.
Equation~1! was derived in the diffusion approximation, an
the dependences were therefore treated in magnetic fi
B,Bth5c\/(4eDtp) ~see Table I!. The dashed curves cor
respond to the expression~1! with a51 and various values
of tw . It can be seen that agreement with experiment can
obtained only for a value ofa significantly greater than
unity.

Let us analyze to what extent this conclusion depends
the approximations made in the treatment.

1. The number of filled subbands in thed-doped layers is
known to within 1 ~since the electron concentration in th
upper subband is small and may not be manifested in
Fourier spectra for the Shubnikov–de-Haas oscillatio
which were measured for all the samples investigated!, and,
as a result, the value of the diffusion coefficient is known
an accuracy of 30250%. However, whenD is varied in this
range, the expression~1! still faithfully describes the nega
tive magnetoresistance. In this case the experimentally de
mined value oftw varies, but the value of the prefactora
remains essentially unchanged.

2. In fitting the magnetoresistance to the expression~1!
we used the value oftp determined from the Hall conduc

FIG. 2. Magnetic-field dependence of the magnetoconductivityds(B)
[s(B)2s(0) for sample 1L at T54.2 K ~crosses! and the theoretical
dependence~1! with the parametersa51.6 andtw54.531012 s ~solid line!.
The dashed lines depict the theoretical dependences fora51 and various
values oftw ,10211 s: 1 — 2.1, 2 — 1.4, 3 — 0.7.
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tivity, which corresponds to an averaged value oftp for all
the subbands. However, in this case, too, the variation otp

over a broad range~by several fold! scarcely alters the value
of a.

3. The use of the expression~1! implies the neglect of
spin-orbit coupling, which corresponds to the conditi
ts@tw (ts is the spin relaxation time!. When spin-orbit cou-
pling is taken into account, the magnetoresistance depe
on both tw and ts and is described by the expression o
tained in Ref. 3.~This expression holds when spin relaxatio
is described by the single timets and is thus a good approxi
mation for quantum wells in III–V semiconductors at hig
electron densities14,15!. In this case the character of the ma
netoresistance undergoes a qualitative change w
ts<tw : a segment of positive magnetoresistance should
pear in weak fields. No such segment was observed for
of the samples investigated. Whents.tw , the use of the
expression~1! in treating the experimental dependences
Ds(B) produces a considerable error in the determination
tw @a value close to (1/tw11/ts)

21 is actually determined#,
but the value of the prefactor varies only slightly~by less
than 10%!.

Thus, the results presented show that the value of
prefactora in ~1!, which describes the negative magneto
sistance, is significantly greater than unity at least for so
d-doped layers, in agreement with the special feature of
tersubband transitions ind-doped layers described above.

The deviation of the value of the prefactor from 2 mig
be due to violation of the conditiont i , j@tw . A marked tem-
perature dependence of the prefactor should be observe
such a case, since at low temperaturest i , j does not depend
on T, while tw;1/T ~Fig. 3a!, and the relation betweent i , j

andtw varies markedly with temperature in this case. Ho
ever, as can be seen from Fig. 3b, the prefactora scarcely
depends onT over the entire temperature range 1.5,T,20
K, in which tw varies from 10211 to 10212 s. In our opinion,
this means that the times of transitions between subba
with different parity are greater than 10211 s in the samples
with a.1.

A value of the prefactor somewhat less than 2 can
associated with the significant difference between the ef
tive diffusion coefficients andtw in the even and odd sub
bands. As was shown in some studies~see Ref. 16 and the
references therein!, the conductivities in different subband
of d layers and, therefore, the diffusion coefficients differ
no more than a factor of 1.522 ~the decrease in concentra
tion with increasing subband number is compensated by
increase in mobility!. If the expression 1/tw

5(pG0kT/\s)ln(s/2pG0) ~Ref. 17! is used to estimate
tw , then in the case of several filled subbands the value
Dtw can differ by a factor of 324. Assuming that the nega
tive magnetoresistance is described by the expression~4! and
correlating Ds(B) with the expression~1!, as we did in
treating the experimental results, we can see that a four
difference inDtw leads to a decrease in the value ofa from
2 to 1.6.

In many studies12,18 the decrease in the prefactor wa
associated with the contribution of the electron-electr
(e-e) interaction to the negative magnetoresistance. In w
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FIG. 3. Temperature dependences oftw ~a! anda ~b! for samples 1L and 2L.
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magnetic fields the following two terms of the interaction
a Cooper channel contribute to the negat
magnetoresistance:17

Ds1
ee52b~g!G0w1 Ds2

ee52g~T!G0w2 .

The first, which is known as the Maki–Thompson correctio
has the same field dependence as the expression~1!. In this
case the functionb(g) is always positive and does not d
pend on the sign of thee-e interaction constantg(T), but
does depend on its absolute value. The second term
somewhat different field and temperature dependences~the
function w2 was presented in Ref. 19!. The constantg(T)
can be positive or negative in the cases of effective repuls
or attraction between electrons, respectively. In order to
timate the extent to which thee-e interaction can alter the
prefactor, we calculated the total negative magnetoresista
for various values ofg(1.5 K) with the values ofD, tw ,
andtp corresponding to the samples investigated. Describ
it by the expression~1!, precisely as we did with the exper
mental dependence ofDs(B), and usinga andtw as fitting
parameters, we can see that good agreement is obtain
this case. Moreover, wheng(T) is negative, the value of the
prefactor is close to unity and scarcely depends onT. This is
because the two contributions of thee-e interaction essen
tially completely compensate one another in weak magn
fields. Wheng(1.5 K)<0.3, the value of the prefactor de
creases by 0.220.25, and wheng(1.5 K)>0.3, it decreases
by a larger amount, but it exhibits a strong temperature
pendence. No appreciable temperature dependence o
prefactor was discovered experimentally for any of t
samples investigated; therefore, in our opinion, the sm
value ofa in samples 1D24D is not attributable to thee2e
interaction.
,
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There is still the question of why the experimentally d
termined value of the prefactor is close to unity or even l
than unity in many samples~see Table I!.

One possible cause of the decrease in the prefacto
real samples may be macroscopic conductivity inhomoge
ities. The contribution of such inhomogeneities to the ne
tive magnetoresistance can be estimated by utilizing
theory of galvanomagnetic phenomena in two-compon
media,20 assigning the dependence ofs i(B) in each of the
components of an expression of the type~1!, and varying
their relative volume and the values ofni , m i , andtw

i . Treat-
ing the negative magnetoresistance of a two-component
dium calculated in this manner according to~1! with the
fitting parametersa and tw , we can easily see that any in
homogeneity only decreases the value of the prefactora.

Evidence of the presence of such inhomogeneities in
samples investigated is provided by the large value of
frozen photoconductivity. It follows from the results of in
vestigations of Shubnikov–de-Haas oscillations that illum
nation does not lead to appreciable redistribution of electr
between the subbands and that it increases the concentr
of carriers only slightly~by 10215%), but increases thei
mobility significantly ~by 1.522 fold!. In our opinion, such
behavior can be understood only by assuming that
samples contain substantial inhomogeneities, which
shielded by the photocarriers. Indirect evidence that inhom
geneities are responsible for the decrease in the value o
prefactor in the samples investigated is provided by the
crease ina following illumination, under whose effect the
role of the macroscopic inhomogeneities presumably less

Thus, the results presented show that the times for tr
sitions between size-quantized subbands with different pa
in d-doped layers are greater than 10211 s, i.e., greater than
the phase-relaxation time of the wave function at low te
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peratures.~Unfortunately, we were unable to find values
t i , j in the literature that were correctly calculated with allo
ance for fluctuations in the distribution of impurities both
the transverse direction in and the doping plane!. This causes
the value of the prefactora in the expression for the negativ
magnetoresistance to become close to 2 for highly per
d-doped layers. The small value ofa observed in many of
thed-doped layers can be attributed to macroscopic inhom
geneities, a large thickness of the doped layer, and asym
try of the potential due to proximity of the Schottky barrie

This work was supported by grants from the Russ
Fund for Fundamental Research~No. 97-02-16168! and the
Physics of Solid-State Nanostructures Program.
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Quantum corrections to the conductivity of a two-dimensional system with antidots
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Institute of Semiconductor Physics, Russian Academy of Sciences, Siberian Branch, 630090 Novosibirsk,
Russia
~Submitted February 13, 1998; accepted for publication April 20, 1998!
Fiz. Tekh. Poluprovodn.32, 1461–1466~December 1998!

The quantum corrections to the conductivity of a two-dimensional electron system with antidots
in the limit of a small antidot density are investigated. The corrections to the conductivity
and magnetoconductivity due to the presence of antidots in a magnetic field perpendicular to the
plane of the system are considered. It is assumed that the mean free pathl of electrons on
the impurities is far smaller than the antidot radius. ©1998 American Institute of Physics.
@S1063-7826~98!01012-6#
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1. INTRODUCTION

Recent advances in technology have made it possibl
create and investigate artificial media with scales comm
surate with both electron momentum relaxation distances
with quantum dimensions~the electron wavelength and th
magnetic length!. In this context it has been possible to cr
ate, for example, two-dimensional~2D! electron systems
with a spatially modulated electron concentration. One s
cial case of such systems is characterized by so-ca
‘‘quantum dots,’’ i.e., regions in which the motion of ele
trons is confined in three dimensions. Another example
system of ‘‘antidots,’’ i.e., regions within a 2D electron g
where the concentration of 2D electrons vanishes.

The magnetotransport properties of 2D electron syste
with a periodic antidot lattice, which are associated with
commensurate values of the cyclotron diameter and the
tice period, are well known.1,2 These features have a classic
nature and are determined by the stochastic character of
tron motion in these systems.

However, apart from the classical effects, these syst
display some interesting quantum properties associated
the interference of electron waves.3–6 In particular, the ob-
servation of negative magnetoresistance in a disordered
tidot lattice was reported in Ref. 5, and the observation
Aharonov–Bohm oscillations in a periodic antidot lattice
weak magnetic fields was described in Ref. 6. Similar p
odic oscillations have also been detected in stronger m
netic fields (2Rc'd).7,8 Such systems have been studi
theoretically as classical objects, i.e., ‘‘electron billiards
and from the quantum standpoint in both the ballistic regi
and in the quantum limit. The ballistic regime, in which th
scattering of electrons by impurities can be neglected,
been studied for the most part.

The present work is a study of the so-called quant
~interference! corrections to the conductivity of 2D system
with antidots in another possible limit, where the electr
mean free path before scattering by impurities is small co
pared with the characteristic dimensions of the system
this limit the motion of electrons between antidots is d
scribed mainly using the kinetic equation. We shall take i
1301063-7826/98/32(12)/5/$15.00
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account the presence of a magnetic field perpendicular to
plane of the system.

The problem has several parameters: the electron m
free path before scattering by impuritiesl , the electron
phase-breaking~relaxation! lengthL

w
5ADtw (D is the dif-

fusion coefficient andtw is the phase-breaking time!, the

magnetic lengthaH5Ac\/2eH, the electron wavelength
l5\/p (p is the electron momentum!, the antidot radiusra ,
and the antidot densityn. In the limit under consideration
there are several relations between these parameters. In
that the description of electrons using wave packets wo
have meaning, the conditionl @l must hold. On the other
hand, in agreement with previous statements, we shall
sume that the mean free path is small compared with
antidot radius:l !ra . Only in this case does the motion of a
electron around an antidot have a diffusive character. T
phase-breaking lengthLw is determined by inelastic scatte
ing. The absence of interference effects for the diffus
electrons requires satisfaction of the conditionl !Lw , which
holds at low temperatures~the residual-resistance region!. In
addition, we shall consider the limit of a small antidot de
sity, which requires thatnara

2 be small (nara
2!1). This con-

dition also means that the antidot radius must be small c
pared with the distance between them. The latter condi
ensures thatl is small in comparison to the mean distan
between the antidotsn21/2 ( l !na

21/2) and thus correspond
to the diffusive character of the motion of electrons betwe
the antidots. In the limit under consideration the contributi
of the antidots is a small addition to the quantum correctio
to the conductivity of the 2D system.

2. CALCULATION OF QUANTUM CORRECTIONS

The conventional theory of transport phenomena
based on the classical kinetic equation for conduction e
trons. This means that an electron moves along a class
trajectory during the time between two collisions. This a
proximation is valid when the interference between tw
waves scattered by different centers is negligible, i.e., w
the mean free path of an electron is much greater than
4 © 1998 American Institute of Physics
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wavelength (l @l). Then, the electron can be described qu
siclassically between two collisions. Such a description le
to the familiar Drude equation:

s5
nee

2t

me
, ~1!

where ne is the concentration of electrons andme is their
mass.

As was shown in Ref. 9, allowance for interference lea
to the appearance of quantum corrections to the conduct
s ~1!. The quantum corrections can be calculated quan
tively using a Feynman diagram technique by taking in
account the diagrams describing the conductivity of electr
interacting with impurities. We shall briefly describe th
method for calculating quantum corrections,10 which we
shall use later on for a 2D system with antidots.

The principal quantum corrections to the conductiv
of noninteracting particles stem from consideration of
Cooper diagrams describing the interference occurring u
multiple backscattering. The amplitude of this interferen
C(r ,r ), is determined by the quantum corrections to the c
ductivity.

The correction to the conductivity at the frequencyv is
related toCv(r ,r ) by the expression

ds~v!52
2e2

p
DtCv~r ,r !. ~2!

Here and below we set\51, and we shall restore its value i
the final formulas. In a magnetic field the quantityCv(r ,r )
satisfies the equation

H 2 iv1DS 2 i¹2
2e

c
AD 2

1
1

tw
J Cv~r2r 8!

5
d~r2r 8!

t
, ~3!

whereA is the vector potential of the magnetic field andv is
the frequency of the external field. Equation~3! formally
coincides with the equation for the Green’s functions o
cooperon, a particle with a charge 2e and a mass
M5(2D)21, moving in a magnetic field. The quantit
E5 iv2tw

21 corresponds to the cooperon energy.
Let us consider the 2D case. LetEn be the eigenvalues

~‘‘energy levels’’ of the cooperon!, and letcn(r ) be the nor-
malized eigenfunctions of Eq.~3! without the right-hand
side, i.e., the Schro¨dinger equation for a cooperon in a ma
netic field:

1

2M S 2 i¹2
2e

c
AD 2

cn5Encn . ~4!

Then the expression forCv(r ,r 8) takes the form

Cv~r ,r 8!5
1

t (
n

cn~r !cn* ~r 8!

En2E
. ~5!

In the case of a 2D system with antidots, if we assu
that the antidot density is small (nara

2!1), we can neglect
the influence of the antidots on one another and calculate
quantum corrections in the case of only a single antidot. T
-
s

s
ty
a-

s

e
n
,
-

e

he
e

total correction is the sum of the contributions from all t
antidots, i.e., it reduces to the product of the contribution
the case of one antidot and the number of antidots. Thus
calculate the quantum corrections to the conductivity of a
system we must solve Eq.~3! for Cv(r ,r 8) in a magnetic
field for a round 2D sample of large radius, whose cente
occupied by one antidot, with the boundary condition10

H ]

]n
1

2ie

c
~A•n!J Cv~r ,r 8!ur 5ra

50. ~6!

The condition~6! means that the flow of particles throug
the antidot boundary is equal to zero. The relation~2! for the
quantum corrections to the conductivity in this case has
form

ds~v!52
2e2

p
Dt E Cv~r ,r !

dr

S
. ~7!

Here S is the area of the sample. The expression for
quantum corrections with consideration of the contributio
from all the antidotes is obtained from~7! using~5! by mul-
tiplication by the number of antidotsNa . Then, bearing in
mind thatNa /S5na , we arrive at the following expression

ds~v!52na

2e2D

p (
n

1

En2E
. ~8!

We shall henceforth consider the static conductivity. T
quantum corrections due to the presence of antidots, wh
we shall denote byd2s(H,ra), are equal to the difference
between the quantum corrections to the conductivity of a
system with antidots and the same system without antido

d2s~H,ra!5ds~H,ra!2ds~H,0!

52na

2e2D

p S (
n

1

En2E
2(

n

1

En
02E

D , ~9!

where theEn
0 are the cooperon energy levels in the abse

of antidots. Thus, to find the quantum corrections, it is s
ficient for us to determine the cooperon energy levels i
constant magnetic field for a 2D system with antidots and
the same system without antidots.

In the polar coordinatesr,w the vector potential of a
uniform magnetic field has the componentsAw5Hr/2 and
Ar50, and the Schro¨dinger equation~4! takes the form

2
1

2MF1

r

]

]rS r
]c

]r D1
1

r2

]2c

]w2G
1

ivH

2

]c

]w
1

MvH
2

8
r2c5Ec, ~10!

where vH54DeH/c. The boundary condition~6! in polar
coordinates has the form

]c

]r U
r5ra

50. ~11!

We seek a solution in the form

c5eimwR~r!, ~12!
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and for the radial part of the wave function we obtain t
equation

1

2M S R91
1

r
R82

m2

r2
RD 1S E2

MvH
2

8
r21

mvH

2 DR50.

~13!

Introducing the new independent variablej5(MvH/2)r2,
we rewrite the equation in the form

jR91R81S 2
j

4
1b2

m2

4j DR50, ~14!

where we have introduced the notationb5E/vH1m/2.
Whenj→`, the function sought behaves ase2j/2, and when
j→0, it behaves asj umu/2. Accordingly, we seek a solution in
the form

R~j!5e2j/2j umu/2w~j!, ~15!

and forw(j) we obtain equations for the degenerate hyp
geometric function

jw91~11umu2j!w82S 11umu
2

2b Dw50. ~16!

The general solution of Eq.~16! can be written in the
form11,12

w5AM~a,b;j!1BU~a,b;j!.

Here M (a,b;j) and U(a,b;j) are Kummer and Tricom
functions, respectively, where a5(11umu)/22b
5(umu2m)/211/22«, «5E/vH , andb511umu. In these
expressionsA andB are arbitrary constants.

For j→`

M ~a,b;j!5
G~b!

G~a!
ejja2bF11OS 1

j D G ,
U~a,b;j!5j2aF11OS 1

j D G .
It follows from the boundary condition at infinityR(j)uj→`

50 thatA50. Then the solution~15! of Eq. ~14! takes the
form

R~j!5Be2j/2j umu/2U~a,b;j!. ~17!

The boundary condition~11! gives

]R~j!

]j U
j5ja

50. ~18!

Substituting~17! into ~18!, we obtain the equation fora

1

2S 11
umu
ja

DU~a,11umu;ja!2U~a,21umu;ja!50. ~19!

The solution of Eq.~19! for a specifies the cooperon energ
levels « and, through~9!, the quantum corrections to th
conductivity.

3. 2D SYSTEM WITH ANTIDOTS OF SMALL RADIUS

Let us consider the limit where the antidot radius
small compared with the characteristic dimensions of
r-

e

problem: ra!min(aH ,Lw). This corresponds toja!1. The
condition ja!1 permits the expansion of~19! in the small
parameterja . Isolating the principal terms in the expansio
we find

S 1

2
2aDc~a!5

1

ja
for m50,

umu~a21! . . . ~a2umu!~21! umu21c~a!

5
~ umu! !2

ja
umu for mÞ0, ~20!

wherec(a)5G8(a)/G(a). Substituting the asymptote11 into
~20!, we obtain

c~a!ua→2nr
;2

1

a1nr
U

a→2nr

,

where nr is a nonnegative integer. Using the relatio
«51/21(umu2m)/22a, we find the energy levels~in units
of vH)

«n,m5S n1
1

2D ~12an,m!, ~21!

wheren5nr1(umu2m)/2 is the principal quantum numbe

an,052ja ,

an,mÞ05
umu

n1
1

2

S n2
umu2m

2
11D

. . . S n2
umu2m

2
1umu D ja

umu

~ umu! !2
.

It follows from the inequalityja!1 thatan,m!1.
The cooperon energy levels in the absence of antid

are obtained by setting the antidot radius equal to zero:

En,m
0 5En,mura50 .

Substituting~21! into ~9! and taking into account thatan,m

!1, we obtain

d2s~H,ra!52na

2e2D

pvH
(
n,m

an,mS n1
1

2D
S n1

1

2
2« D 2 . ~22!

Hence it can be seen that the main contribution to the sum
made bym521, 0, 1. Then~22! reduces to

d2s~H,ra!52nara
2 e2

2p

3 (
nr50

` F j

S nr1
1

2
2« D 2 1

1

nr1
1

2
2«G .

~23!

The sum~23! can be rewritten using the generalized ze
function j(s,y)5(n50

` (n1y)2s with s51 and s52. The
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zeta function withs51 diverges, but this divergence
eliminated by taking into account the limiting value of th
cooperon energy, which determines the upper level of
sum: (nr)max5D/vHl2. As a result, to logarithmic accurac
we obtain

d2s~H,ra!52nara
2 e2

2pF«zS 2,
1

2
2« D

2cS 1

2
2« D1 ln

D

vHl 2G . ~24!

Herec(y) is the logarithmic derivative of the gamma fun
tion. Going over to the variablex5vHtw54DeHtw /
c521/«, we have

d2s~H,ra!5nara
2 e2

2pF f 1S 4DeHtw

c D2 ln
Dtw

l 2 G , ~25!

where

f 1~x!5
1

x
zS 2,

1

2
1

1

xD1cS 1

2
1

1

xD1 ln x

5H 125x2/24 for x!1,

ln x for x@1.

The second term in~25! is independent of magnetic field an
specifies the magnitude of the quantum corrections due to
presence of antidots in a zero magnetic field:

d2s~ra!52nara
2 e2

2p\
ln

Dtw

l 2
. ~26!

Equations~24!–~26! contain the electron mean free pathl .
The mean free path is determined by both impurity scatte
and the antidots. Strictly speaking, Eqs.~24!–~26! are valid
for isotropic impurity scattering. In the case of scatteri
anisotropy, for these equations to be valid, the character
electron momentum transfers upon scattering must be gre
than the characteristic cooperon momentumq;(Dtw)21/2.

The presence of antidots leads to a change inl . How-
ever, in the limitl !ra the corrections to the mean free pa
are small with respect to the parameternaral , and the
changes in the final formulas associated with them con
the small parameterl /ra . In fact, only electrons found in a
layer of thicknessl near an antidot boundary experience t
influence of the antidot on their relaxation. As a result,
relative increase in the collision frequency in a tw
dimensional medium containing antidots is determined
the fraction of electrons undergoing collisions with an an
dot boundary, which is of the order of the total perimeter
the antidots per unit area of the sample 2pnara multiplied
by the impurity mean free pathl .

The expression~26! should be compared with the qua
tum corrections appearing in a microscopic medium conta
ing cavities. Such a medium can be characterized by an
eraged diffusion coefficientD̄. The value of D̄ can be
calculated using the corrections to the averaged conduct
e

he

g

tic
ter

in

e

y
-
f

-
v-

ty

of a two-dimensional medium containing round caviti
s̄5s(122napra

2) and the corrections to the mean conce
tration n̄e5ne(12napra

2):

D̄5D
s̄ne

sn̄e

'D~12napra
2!. ~27!

The quantum correctionsds to the macroscopic conductivity
of a 2D system in the absence of a magnetic field have
form10

ds52
e2

2p2\
ln

Dtw

l 2
. ~28!

The diffusion coefficient in~28! should apparently be re
placed by the effective diffusion coefficient~27!. With con-
sideration of the smallness of the parameternara

2 , we obtain

d2s~ra!5
e2

2p\
nara

2 . ~29!

The formula~29! is distinguished from~26! both by the ab-
sence of the large logarithm and by its sign. These diff
ences are due to the interference effects associated with
diffusive trajectories bending around the antidots, wh
were not taken into account in~29!.

The magnetoconductivity is given by the first term
~25!, which specifies the magnetic-field dependence of
quantum corrections:

d3s~H,ra!5d2s~H,ra!2d2s~0,ra!

5nara
2 e2

2p\F f 1S 4DeHtw

c\ D21G . ~30!

The characteristic multiplier accompanying the quantum c
rectionsnapra

2 is equal to the ratio of the area occupied
the antidots to the total area of the sample. The behavio
the quantum corrections in a magnetic field is assigned
the function f 1(x)21, which is shown in Fig. 1. At strong
fields the corrections exhibit the same logarithmic behav
as in the case of a 2D system without antidots,10 and at weak
fields the behavior of the corrections is also quadratic w
respect to the field, but with a negative sign.

FIG. 1.
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4. 2D SYSTEM WITH ANTIDOTS OF LARGE RADIUS

When the antidot radius is large, i.e., whe
ra@max(aH , Lw), we can proceed in the following manne
Since the quantum corrections occur over distances of
order of min(aH ,Lw), whenra@max(aH ,Lw), we can refer to
the averaged corrections to the conductivity of a 2D sys
with antidots. In this case a 2D system with antidots can
regarded as a macroscopic medium with a certain condu
ity s, including the quantum corrections, in which holes
radiusra have been cut out, and it can be characterized b
certain effective conductivitys̄, where s̄/s5D̄/D. Then,
finding the quantum corrections to the conductivity of the
system with antidots reduces to finding the corrections fo
medium with the conductivitys̄:

d2s~ra!522napra
2ds, ~31!

whereds is given by~28!.
Let us consider the corrections to the magnetoconduc

ity due to the presence of antidots of large radius. In a w
magnetic field the quantum corrections to the magnetoc
ductivity exceed both the Hall conductivity and the classi
magnetoconductivity; therefore, we shall neglect the cla
cal corrections. In analogy to the preceding case, we fin

d2s~H,ra!52nara
2 e2

p\
f 2S 4DeHtw

c\ D , ~32!

f 2~x!5cS 1

2
1

1

xD1 ln x5H x2/24 for x!1,

ln x for x@1.

This result can be explained qualitatively in the follow
ing manner. The quantum corrections occur over distance
the order of min(aH , Lw), and sincer@max(aH , Lw), trajec-
tories with interference cannot bend around the antidots. T
means that the introduction of antidots into a 2D system
this case is equivalent to the removal of the area occupie
the antidots~the excluded area! from the 2D system. Then
the relative variation of the quantum corrections is det
mined by the fraction of all possible trajectories that are
accessible to electrons, which is equal to the ratio of
excluded area to the total area of the 2D system:Napra

2/S
5napra

2 . Then, taking into account that the quantum c
rections decrease and that each self-intersecting trajec
corresponds to two alternate routes, we arrive at~32!.

5. CONCLUSION

The quantum corrections to the conductivity of a 2
system due to the presence of antidots have been obtain
a function of the magnetic field perpendicular to the plane
the system in this work. The limits of the problem for an
dots of small and large radius have been investigated in
approximation of a small antidot density. In the case of
tidots of small radius the quantum corrections change sig
e
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of
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a function of magnetic field. The corrections in the case
antidots of large radius, as expected, are negative and
associated with a decrease in the fraction of self-intersec
trajectories, from which quantum corrections arise. In
limit considered the contribution of the antidots is a sm
addition to the quantum corrections to the conductivity of t
2D system.

However, this contribution is perfectly measurable.
we know, the antidot radius can easily be modulated usin
field electrode or illumination. The variation of the quantu
corrections in this case is due to both variation of the surf
electron density and variation of the size of the deple
regions around the antidots. The first effect is parasitic in
problem. Its concentration dependence arises through
concentration dependence of the phase-breaking time an
momentum relaxation time. We suggest that it can be eli
nated experimentally by comparison with a homogene
sample.

The limiting cases investigated do not exhaust all
limits of the problem studied, and further treatment is
quired. For example, we can expect to obtain periodic os
lations of the magnetoconductivity associated with t
Aharonov–Bohm effect when electron waves traveli
around antidots interfere. For the Aharonov–Bohm effect
be manifested,Lw must be greater than the antidot perimet
and the number of magnetic flux quanta passing through
area of an antidot must be greater than or of the orde
unity. However, consideration of this effect requires a co
puter calculation based on Eqs.~19! and ~9!.
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The transient characteristics of a photocathode observed following the instantaneous onset and
termination of optical excitation in one- and two-pulse excitation regimes are considered
within a nonlinear diffusion model. The critical values of the illumination intensity corresponding
to the manifestation of charge-confinement effects and to the cessation of photoelectron
emission are determined. It is shown that the emission charge in a pulse is a nonmonotonic
function of the excitation intensity and depends strongly on the values of the negative electron
affinity and the effective transparency of the barrier in the activation layer. In the charge-
confinement regime the time for establishing a stationary photovoltage and emission current
following the onset of excitation is determined mainly by the establishment of equilibrium
between the electron and hole fluxes reaching the surface and is inversely proportional to the
illumination intensity. The time for restoration of the photocathode characteristics
following the termination of illumination is inversely proportional to the trapping rate of holes
on deep neutral centers during their tunneling to the surface through the barrier in the
space-charge region and can be as large as several microseconds. ©1998 American Institute of
Physics.@S1063-7826~98!01112-0#
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1. INTRODUCTION

Semiconductor photocathodes that utilize the emiss
of optically oriented electrons from the surface of a Ga
epitaxial film activated to a negative electron affinity a
used in high-energy physics in linear accelerators1,2 to obtain
beams of polarized electrons. The important parameter
such cathodes include the maximum current~in a continuous
regime! and the maximum charge in a pulse~in a pulsed
regime! that can be achieved under intense optical excitat
Such excitation is associated with confinement of the cur
and emission charge as a consequence of the photovo
effect, which diminishes the near-surface band bending
increases the work function.3

Emission-confinement effects have been investigated
perimentally in both a quasistationary regime4 and with
pulsed excitation.4–6 The relationship between the observ
laws and the photovoltaic effect was discussed in Ref. 7
was shown that consideration of the photovoltaic effect p
mits a description of the experimental dependences f
Ref. 5, but the quantitative results in Ref. 7 were obtained
the form of a model numerical calculation.

We previously8 investigated the stationary character
tics of a photocathode under intense excitation. It was sho
that to obtain a quantitative description of the observed
pendences of the quantum efficiency on photovoltage
excitation intensity it must be assumed that the transpare
1301063-7826/98/32(12)/9/$15.00
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of the effective barrier in the activation layer on the surfa
decreases significantly with increasing photovoltage, att
ing to a dependence of the barrier transmission probab
on energy. The transient characteristics of a photocath
would also be of considerable interest, especially in conn
tion with the use of photocathodes in multiple-pul
regimes.9

In the present work the mechanisms determining the
tablishment of a stationary emission current following t
onset of excitation and the relaxation of the photocatho
following its termination are investigated, and the possib
ties of characterizing photocathode structures on the bas
experimental data obtained during nonstationary excita
are ascertained.

2. STATEMENT OF THE PROBLEM

2.1. The activation of an atomically clean surface o
p-GaAs epitaxial film by applying a monolayer Cs–O coa
ing leads to pinning of the Fermi level on donorlike localiz
surface states in the band gap, band bending at the sur
and the formation of a space-charge region, whose thickn
w is determined by the position of the Fermi level and t
acceptor concentrationNa .

In addition, a layer~the activation layer!, which creates a
negative electron affinity and acts as an energy barrie
photoelectrons, forms on the film surface.
9 © 1998 American Institute of Physics



h
,

le
-

i

e.

n
rg

n

on
o

en

-
fa

a

c

ve
a
ns
ax
a
th

th
en
he

io
in
is
a
vo

is
ons

n

l

ion

the
face
he

t

the

bar-
to-

the
ap-

1310 Semiconductors 32 (12), December 1998 B. I. Reznikov and A. V. Subashiev
The energy diagram of a photocathode structure wit
working region of thicknessd was presented in, for example
Refs. 7 and 8. We shall described the kinetics of photoe
trons in the quasineutral regionw<x<d and in the space
charge region 0<x<w by the diffusion equation

]n

]t
1

]qn

]x
5aI ie

2ax2
n

t
, qn52Dn

]n

]x
2mnEn, ~1!

matching the solutions at the boundaryx5w ~for further
details, see Ref. 8!. Heren is the electron concentration;x is
the coordinate measured to the right of the barrier;I i is the
maximum intensity of the optical radiation entering the sem
conductor;a is the absorption coefficient; andmn ,Dn , andt
are the electron mobility, diffusion coefficient, and lifetim

2.2. The boundary conditions for Eq.~1! at x5w corre-
spond to continuity of the electron flux and concentratio
The solution of the diffusion equation in the space-cha
region foraw!1 gives

qn~0!'qn~w!1I iaw, qn~w!52Dn]n/]x~w!. ~2!

The condition of surface recombination with the rates1 is
assigned on the right-hand boundary of the working regio
x5d:

Dn]n/]x~d!52s1n~d!.

Here we have neglected the equilibrium dark electron c
centration, which is much smaller than the characteristic c
centrations in the working region upon illumination.

The boundary condition on the surface atx50 describes
the recombination of electrons with positively charged c
ters and their emission into the vacuum.8 The recombination
flux qsn5ann0Ns

15snn0(12 f ) is proportional to the den
sity of electrons and positively charged centers at the sur
Ns

15Ns(12 f ) and the capture coefficientan on centers and
depends on the filling of the centers with electronsf . Here
Ns5Naw0 is the surface density of centers before illumin
tion, andsn5^anNs& is the rate of surface recombination.

A study of the energy distribution of the escaping ele
trons at a weak excitation intensity10,11 shows that their en-
ergies are distributed in the band of widthDE5Ec2Evl be-
tween the conduction band edge and the vacuum le
which is close to the magnitude of the negative electron
finity DE'x. This attests to the rapid trapping of electro
in the well of the space-charge region, slow energy rel
ation in the well, and a small transparency of the ne
surface effective potential barrier. The mean depth of
well in the space-charge regionVbi significantly exceeds
DE; therefore, a decrease in the depth of the well in
space-charge region diminishes the emission curr
Accordingly, the effective rate of electron emission from t
space-charge region can be written in the formyemi

5ynTnTw , whereyn is the mean electron velocity andTn is
the transparency of the effective barrier in the activat
layer. The multiplierTw takes into account the decrease
the widthDE of the energy band available for electron em
sion and the depth of the well in the space-charge region
high excitation intensity as a consequence of the photo
taic effect.

The final form of the boundary condition atx50 is
a

c-

-

.
e

at

-
n-

-

ce

-

-

l,
f-

-
r-
e

e
t.

n

-
t a
l-

qn~0!52qsn2qemi52@sn~12 f !1yemi#n0 . ~3!

2.3. The variation of the filling of the surface states
regulated by the difference between the fluxes of electr
and holes trapped by centers:

Ns

d f

dt
5qsn2qsp , qsp5spp0f . ~4!

The initial value f 050 is assigned by the conditio
qsn5qsp50. The value ofqsp , like qsn , is proportional to
the density of the holes overcoming the energy barrierp0 ,
the density of neutral centersN5Nsf , and the rate of trap-
ping on neutral centerssp5apNs (ap is the hole capture
coefficient!. The hole densityp0 is determined by the tota
hole flux reaching the surface from the working region

p05qp0 /Vp , qp05qpth1qpt , ~5!

which contains two components, the thermionic emiss
currentqpth and the tunneling currentqpt through the barrier
into the space-charge layer. The fluxesqpth andqpt are writ-
ten in the standard manner~see Ref. 12!. The expressions for
them were presented in Ref. 8.

2.4. The flux of holes toward the surface restores
number of positively charged surface states and the sur
charge. The variation of the filling of the centers alters t
surface charge densityeNs

15eNs(12 f ), the heightVbi ,
and the widthw of the energy barrier to holes

Vbi52p
e2Ns

12

«sNa
5Vbi

0 ~12 f !2,

w5A2Vbi

kT
Ld5w0~12 f ! ~6!

(Ld is the Debye radius! and leads to a photovoltaic effec
consisting of the appearance of a photovoltagedV, which
alters the position of the conduction band edge relative to
vacuum level:

dV5Vbi
0 2Vbi5Vbi

0 f ~22 f !, Evl5Evl
0 1dV. ~7!

This decreases the fraction of electrons overcoming the
rier. The total charge of the electrons emitted by the pho
cathode from a unit area~in units of e) equals

Q5ynE
0

`

TnTwn0 dt. ~8!

The dependence of the transparencyTw on the degree of
band bending is associated with the energy distribution of
electrons in the well of the space-charge region. In the
proximation of a uniform distribution

Tw5
Ec2Evl

Vbi
5

r 2y

12y
, y5dV/Vbi

0 ,

r 5
Ec2Evl

0

Vbi
0

5Tw0 . ~9!

It can be seen from~9! that the ‘‘well transparency’’ de-
creases as the photovoltage~the filling of the centers! in-
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creases. The equation describing the kinetics of the filling
surface centers~4! with consideration of~7! and ~9! is con-
veniently written relative toy in the form

Ns

2A12y

dy

dt
5qsn2@qsth

0 ~eU0y21!1qst
0 ~el0y21# f ,

~10!

where

f 512A12y, U05Vbi
0 /kT,

l05lU0 , l52Amp* kTLd /\.

It follows from ~10! that the hole restoring current depen
on the filling f of the centers, which determines the pho
voltage y. The explicit expressions for the preexponent
factorsqsth

0 andqst
0 in the hole current were presented in Re

8.

3. QUASISTATIONARY APPROXIMATION

3.1. The complexity of the combined solution of the d
fusion equation~1! and the center filling kinetic equatio
n-

en
g
o
s

ur

o
p

f

-
l
.

~10! is due to the nonlinearity of the problem; however, se
eral specific models are amenable to analytic solution. Le
consider the case where the diffusion processes in the w
ing region are considerably faster than the establishmen
equilibrium between the electron and hole fluxes reach
the barrier. With the exception of the initial stage with
duration less thant* 5d2/Dn , the distribution of the electron
concentration and the fluxes correspond to the stationary
lutions of the boundary-value problem~1!. To analyze the
solution of the kinetic equation~10! we replace the electron
flux qsn by an approximate expression, which is equal to
stationary value ofqsn for f→0,8

qsn5I i

aLdif

11aLdif

gu0

11ynTnr /sn
. ~11!

HereLdif5ADnt, andg andu0 are constants, which depen
on the parameters characterizing the bulk generation and
combination in the working region and the rate of surfa
recombination atx5d.8

Under the assumption thatqsn does not depend on time
Eq. ~10! can be integrated in quadratures:
E
0

y dy

2A12yH 12Fqsth
0

qsn
~eU0y21!1

qst
0

qsn
~el0y21!G~12A12y!J 5

t

Ns /qsn
. ~12!
f
ffi-

in-

-

ant
volt-

s
of

sity
At low intensities, at whichl0y!1 andU0y!1, the integral
in ~12! can be calculated, and the solution has the form

y5ystanh~ t/ts!, ~13!

ys5A 2qsn

qsth
0 U01qst

0 l0

,

ts5
Ns

A2qsn~qsth
0 U01qst

0 l0!
. ~14!

It follows from ~14! that ts decreases with increasing inte
sity asts}I i

21/2 and thatys increases asys}I i
1/2. We note

that at low intensities, at which the charge-confinem
effects are weak, the slow relaxation of the photovolta
with the timets weakly influences the time dependence
the quantum efficiency, which is established simultaneou
with the distribution of the electron concentration, i.e., d
ing a time of the order of the diffusion time.

At high excitation intensities an approximate analytic s
lution can be obtained for the case where one of the com
nents of the hole restoring current~say, the tunneling cur-
rent! dominates (qst

0 @qsth
0 )

y5
1

l0
ln

q8

11~q8e2l0y121!exp@2l0q8 f ~12 f !̄~ t̃ 2t 1̃!#
.

~15!
t
e
f
ly
-

-
o-

Here t̃ 52tqst
0 /Ns ,q8'11(qsn /qst

0 )/ f̄ „a line over a symbol
denotes averaging in the interval@y1 ,y#, wherey1(t1)!y
corresponds to the upper boundary of the linear region….

The solution~15! contains the characteristic time scale

ts5
Ns

2l0q8 f ~12 f !̄qst
0

'
Ns /qsn

2l0f ~12 f !̄/ f̄
. ~16!

It follows from ~15! that the time for the establishment o
stationary values of the photovoltage and the quantum e
ciency is equal totad5(324)ts'Ns /I i . It can vary over a
broad range, decreasing at large values of the excitation
tensity @to the extent that the ratiof (12 f )̄ / f̄ is independent
of intensity# in inverse proportion to the illumination inten
sity I i .

3.2. The range of intensities corresponding to signific
charge-confinement effects corresponds to a large photo
age on the barrier and a low transparencyTw . The maximum
value of the photovoltagey, at which the surface barrier i
transparent to electrons depends on the initial values
Ec2Evl

0 and Vbi
0 and equalsymax5r. In this casef max51

2A12r , If dV>Ec2Evl
0 ~i.e., y>r ), the barrier becomes

nontransparent. The expression for the radiation inten
corresponding to the conditiony5r follows from the equal-
ity qsn5qsp :
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I cr'
@11~aLdif!

21#

gu~r !
@qst

0 ~el0r21!

1qsth
0 ~eU0r21!#~12A12r !. ~17!

We note that the expression~17! is valid for an arbitrary
form of the functionTw(y), but it should be assumed tha
Tw(r )50. It is significant thatI cr decreases exponentiall
with increasingEvl

0 ~decreasingr ). Conversely, decreases
sn and increases insp shift the barrier nontransparenc
boundary to higher intensities.

4. TRANSIENT PROCESSES FOLLOWING THE ONSET OF
ILLUMINATION

4.1. The electron diffusion equation~1! with the bound-
ary conditions~2! and~3! was solved together with Eq.~10!,
which describes the kinetics of the filling of positive
charged centers by electrons. Difference approximation
second-order accuracy with respect to the coordinate
first-order accuracy with respect to time were used. In so
ing the system of difference equations, the time step inclu
internal iterations for calculatingf for an assigned fluxqw on
the boundary of the working region and external iteratio
for calculating the distributionn(x) in the next time layer.

The results of the calculations for a photocathode w
the parametersd51mm, Dn540 cm2/s ~the diffusion time
t* 5d2/Dn50.25 ns), a5104 cm21, t51029 s, s1

5105 cm/s, Na5531018 cm23, Vbi
0 50.3 eV, Evl

0

51.2 eV, andTn50.04 are presented below. The captu
coefficients of electrons and holes on surface centers w
an51027 cm3/s andap5331028 cm3/s. The calculations
allowed for the field dependence of the rate of surface
combination of electrons and the decrease in barrier trans
ency with increasing photovoltage.8 For the numerical values
of the parameters takenI cr'431022 cm22s21.

4.2. Let us examine the dynamics of the transient p
cesses for a photocathode following the instantaneous o
of illumination. The range of illumination intensities in
cludes values ofI i which are much smaller than the critic
valueI cr ~low intensities! or close to it~high intensities!. The
numerical values ofI cr and, therefore, the values of th
‘‘low’’ and ‘‘high’’ intensities are determined by the photo
cathode parameters selected, primarily byEvl

0 andap .
The characteristic time of the transient process follow

the instantaneous onset of illumination is determined by
time for the diffusion of nonequilibrium electrons to the ba
rier t* and the time for equalization of the fluxes of phot
generated electrons and holests . When the intensity create
an electron density at the barrier much smaller thanNa ,
equilibrium betweenqsn andqsp is established over a spac
charge layer of a considerable width, which is close to
dark value. Therefore, equilibrium between the fluxes
achieved after a time much greater thant* . If the intensity is
such that the electron concentration at the barrier beco
comparable to the density of the charged centers, then~in the
case of instantaneous recombination! the photovoltage low-
ers the energy barrier to holes during the diffusion time, a
equilibrium between the electron and hole fluxes is achie
during the same time. Equalization of the two characteri
of
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times gives an estimate of the intensityI * 5NsDn /d2, at
which the time for the establishment of equilibrium equa
t* . The value for the parameters taken isI * 52
31022 cm22s21 and is thus approximately two times small
than I cr, which corresponds to closing of the barrier.

After the onset of illumination the electron concentrati
n(x) at first increases monotonically with time in the enti
working region, and then~at t*2t* ) bulk and ‘‘surface’’
recombination diminish it somewhat, and the distribution
n(x) relaxes downward to the stationary profile. The time
the establishment of a stationary distribution of electrons
of the order of the diffusion time, i.e., (225)t* . Numerical
calculations show that the fluxqsn reaches a stationary valu
during a time close tot* , regardless of the illumination in
tensity. The hole fluxqsp!qsn at t.t* , and the time for the
establishment of equilibrium betweenqsn and qsp depends
fairly strongly on the intensity, decreasing according to
tad}Ns /I i law.

The results of the calculation of the dependence of
photovoltage on the barrierdV(t) and the quantum effi-
ciency Y(t) for a light pulse of durationtpul516t* are
shown in Figs. 1 and 2. For the values of the capture coe
cients taken in the calculation and intensities correspond
to the manifestation of charge-confinement effects,dV(t)
and Y(t) reach stationary values at times considera
smaller thantpul . We note that, as follows from~7!, the time
dependences of the photovoltage on the barrierdV(t) are
determined by the fillingf (t) of the centers by electrons. I
can be seen from Fig. 1 that the photovoltage on the bar
dV(t) increases monotonically with time and that the s
tionary value ofdV and the derivativeddV/dt increase with
increasingI i , while the time for the achievement of a st
tionary statetad decreases. In the range of fairly large inte
sities I i.0.1I * (I i*1021 cm22s21) the photovoltage on the
barrier is comparable toEc2Evl

0 , the stationary value off
approaches 0.5, andtad approaches the diffusion timet* and

FIG. 1. Dependence of the photovoltage on time~in units of t* ) for various
values of the illumination intensityI i ,1020 cm22s21: 1 — 1, 2 — 5, 3 —
10, 4 — 30, 5 — 100,6 — 200,7 — 500.
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then drops below it. In this case the fillingf (t) of the centers
and the photovoltagedV at first increase sharply and the
rise slowly in the quasistationary regime. In this case the
in f (t) continues even after achievement of the fillingf max,
which corresponds to a completely nontransparent ba
(Tw50). Conversely, at low intensities (I i&0.1I * ) the val-
ues off andy are much less than unity, a stationary state
not achieved during a time equal to 16t* ~Fig. 1!, and when
the intensity is lowered to&0.01I * , the time for the
achievement of a stationary regime increases to values o
order of fractions of a microsecond. Decreasing the elec
capture coefficientan leads to a similar effect.

Figure 2 shows plots of the time dependence of
quantum efficiency~the emission current normalized to th
light intensity in the pulse! for various illumination intensi-
ties. It can be seen from the figure that there are four ran
of intensities that determine the character of the behavio
Y(t). In the range of very low intensitiesI i&0.01I * (I i

'1019 cm22s21) the quantum efficiencyY(t) increases
monotonically with time and reaches a stationary val
which does not depend on intensity, after a time of the or
of t* . In the range of low intensitiesI i*0.1I * (I i

'1021 cm22s21) the quantum efficiency passes through
gently sloping maximum and then decreases to a statio
value. In this intensity range the maximum and station
values ofY are very close, and the time for achieving t
maximum decreases with increasingI i . In the range of mod-
erate intensitiesI i.I * (I i.1022 cm22s21) the maximum of
Y shifts appreciably to the left and becomes sharper, and
difference between the maximum and stationary values
comes quite considerable as the intensity is increased.
stationary value ofY decreases and becomes significan
smaller than the value ofY0 at low intensities. TheY(t)
curve acquires a characteristic spike-shaped form. Finally
the range of high intensitiesI i*I cr'431022 cm22s21, after

FIG. 2. Quantum efficiencyY of a photocathode as a function of time~in
units of t* ) for various values of the illumination intensity
I i ,1020 cm22s21: 1 — 0.1,2 — 1, 3 — 5, 4 — 10, 5 — 30, 6 — 100,7 —
200,8 — 400.
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a time less thant* , the increase in the photovoltage to va
ues comparable toEc2Evl

0 leads to fulfillment of the condi-
tion Evl.Ec , the barrier becomes nontransparent before
photocathode achieves a stationary regime, and the quan
efficiency Y vanishes. When the intensity is increased fu
ther, the time for achieving the maximum ofY and the time
for achieving complete barrier nontransparency, as wel
the value ofY, decrease, and the accumulation of cha
ends at times appreciably shorter than the diffusion time. T
nonmonotonic character ofY(t) is attributed to the decreas
in the barrier transparency and the increase in the recom
nation of photoelectrons near the barrier after a quasistat
ary state is achieved in the working region. The duration
the descending portion of theY(t) curve is determined by
the time for the establishment of equilibrium between t
electron and hole fluxes at the barrier.

These features of the behavior ofY(t) are manifested in
the time dependence of the total number of electrons emi
by the photocathode. Figure 3 reveals the intensity dep
dence ofdQ/dt, its variation with time, and the cessation
charge accumulation at times smaller than the diffusion ti
t* at intensities exceeding the critical value. It can also
seen from Fig. 3 that the increase in the stationary val
of Q(t) with increasing illumination intensity gives wa
to a decrease at small and moderate intensitiesI i

&1022 cm22s21). This is because the charge-confineme
effects lead to an appreciable decrease in the amoun
charge emitted, i.e., to a nonmonotonic dependence of
accumulated charge on the illumination intensity, at high
tensities due to the decreases in the charge accumula
time and the quantum efficiency~see also Sec. 5.1!. Thus, for
a photocathode with assigned characteristics there is an
per limit on the number of electrons emitted from 1 cm2 of
the working region during a light pulse under intense exc
tion. As follows from Ref. 8, this limit is of the order ofNs .
For the values of the parameters taken it is equal to roug

FIG. 3. Photoelectron chargeQ ~in units ofe) as a function of time~in units
of t* ) for various values of the illumination intensityI i ,1020 cm22s21: 1 —
1, 2 — 5, 3 — 10, 4 — 30, 5 — 200,6 — 300,7 — 500.
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1012 electrons and corresponds to an intensityI i

51022 cm22s21, which is roughly four times smaller tha
the critical value, at which the barrier becomes nontransp
ent.

Let us now discuss the question of how the features
the model of the photoemission process influenceY(t). The
significance of such factors as the field dependence of
rate of surface electron recombination@an(E)}E2n# and the
dependence of the tunneling transparency of the surface
rier on photovoltage@Tn(dV)#, can be determined by direc
simulation. The influence of these factors on the station
characteristics of a photocathode was investigated in Re
Figure 4 presents the results of calculations with and with
consideration of the field dependence of the surface rec
bination rate and the dependence of the tunneling trans
ency of the surface barrier on photovoltage@see Eq.~36! in
Ref. 8#. The effect of both factors is like an additional in
crease in intensity. Both factors diminish the numerical va
of the quantum efficiency and shorten the time for achiev
the maximum ofY(t) and the time for achieving a stationa
state. It is significant that the choice of the model determi
the quantitative features ofY(t). Consideration of the depen
dence ofTn on dV is more important in the quantitativ
respect, since a decrease in the tunneling barrier transpar
at high intensities dramatically reduces the fraction of el
trons capable of overcoming the barrier. The parameter
an(E) andTn(dV) can be determined from the experimen
data if Y(t) and dV(t) are measured simultaneously~see
Ref. 8!.

5. TRANSIENT PROCESSES FOLLOWING THE
TERMINATION OF ILLUMINATION

5.1. A study of the processes occurring in a photoca
ode following the termination of illumination provides info

FIG. 4. Calculation of the time dependence of the quantum efficiencyY(t)
for various models of the trapping of electrons and the barrier transpar
in the activation layer. Illumination intensityI i ,1021 cm22s21: 1–4 — 3,
5 — 35. Model parameters:1 — an5an0 , Tn5Tn0 ; 2 — an(E), Tn

5Tn0 ; 3 — an5an0 , Tn5Tn(dV); 4 — an(E), Tn5Tn(dV); 5 — an

5an0 , Tn5Tn0 .
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mation on the hole current restoring its original state. Bel
we shall discuss the results of calculations for the case
rapid termination, in which it was assumed that at the ti
t5t0516t* the intensity begins to decrease according to
Gaussian law with a time constant 10212 s.

The calculations show that there are two stages in
restoration of the characteristics of a photocathode follow
the termination of illumination, of which one takes place
the diffusion time scalet* , while the other is determined b
the time of the decrease in the photovoltage to small val
neardV;kT ~this time is denoted byt r). The first stage is
associated with the escape of electrons from the work
region in the absence of photogeneration and with decre
in both the photovoltage on the barrier and the electron fl
qsn during a time of the order of 2t* . These decreases ar
clearly displayed in Fig. 1~curves4–7! and Fig. 2~curves
1–7!. Thereafter the filling of the surface centers varies o
under the effect of the hole restoring flux.

At high light intensities nearI cr, where the barrier trans
parency decreases dramatically (I i.1023 cm22s21), a re-
peated increase in current is possible, despite the decrea
the electron concentration near the barrier, due to the
provement in the effective transparencyTw as a result of the
decrease in the photovoltage~curve8, Fig. 2!. For this rea-
son, charge accumulation not only continues after termi
tion of the excitation for a time roughly equal to 2t* , but
can also produce an addition to the emission charge~at in-
tensities of the order ofI cr; see Fig. 3, curves6 and7!. As
the intensity approachesI cr, the total amount of charge emit
ted in a pulse is a nonmonotonic function of intensity due
the decrease in the barrier transparency and the increa
the recombination rate~Fig. 5!. The position and numerica
value of the maximum and the details of the behavior
Q(I i) in the vicinity of the maximum depend on the diffe
enceEc2Evl

0 andTn . A clearly expressed maximum appea
on theQ(I i) curve for photocathodes with high values of th

cy
FIG. 5. Dependence of the photoelectron emission chargeQ ~in units of e)
on illumination intensity for various values ofEnl

0 and Tn : 1–3 — Tn

50.04; 4–6 — Tn50.01; Evl
0 , eV: 1, 4 — 1.2; 2, 5 — 1.25;3, 6 — 1.3.
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‘‘well transparency’’ (Tw05r ) at low intensities. For photo
cathodes with small values ofTw0 the growth of the charge
slows sharply as the vicinity ofI cr is approached, and afte
passing through a diffuse maximum the functionQ(I i) ap-
proaches a limiting value from above~curves3 and6!.

It should be noted that the dependence of the accu
lated chargeQ on the tunneling barrier transparencyTn is
nonlinear and its character depends on the excitation in
sity. As can be seen from Fig. 5, in the vicinity ofI cr a
decrease inTn leads to a decrease inQmax according to a law
that is stronger than a linear relation.

5.2. Let us now consider the stage of restoration of
photocathode characteristics. Figure 1 shows the signifi
asymmetry of the plots ofdV(t,I i) and the difference be
tween the time scales for the onset and termination of i
mination, which depends on the excitation intensity. Follo
ing the termination of illumination, the photovoltag
decreases due to cessation of the supply of electrons from
working region to the space-charge region, and~at high and
moderate illumination intensities! it drops to values of abou
0.1 V during a time equal to (123)t* , regardless of the
initial value of the intensity~Fig. 1!. The decrease in the
photovoltage leads to an increase in the width of the spa
charge layer and the height of the barrier to holes, decrea
the hole flux and slowing the decline of the photovoltage
the barrier. The derivativeuddV/dtu tpul

depends weakly on

intensity in the strongly nonlinear case@dV(t0).Vbi
0 #, but

whendV(t0)!Vbi
0 or y0!1, it decreases markedly with de

creasing intensity. Thus, regardless of the illumination int
sity, relaxation in a linear regime takes up a large part of
restoration period, during which the photovoltage decrea
from dV0&0.1 to a value smaller thankT.

The restoration time greatly exceeds the time for
achievement of the stationary state and increases with
creasing values of the hole capture coefficientap . Let us
estimate this time using Eq.~10!. Assuming thatqsn!qsp

during virtually the entire restoration time, instead of~12! we
obtain

E
y

y0 dy

2A12y~12A12y!@t t
21~el0y21!1t th

21~eU0y21!#

5t~y!2t0 . ~18!

Equation~18! contains two quantities having the dimensio
of time, viz., t t5Ns /qst

0 andt th5Ns /qsth
0 , and the smaller

of them is the characteristic time scale for restoration of
quantum efficiency. An approximate solution of the proble
under the condition of dominance of the hole tunneling c
rent (t t!t th) has the form

t r2t05t tF~yr ,y0 ,l0!,

F~yr ,y0 ,l0!5E
yr

y0 dy

2A12y~12A12y!~el0y21!
. ~19!

The integralF(yr ,y0 ,l0) can be evaluated to sufficient a
curacy if the integrand is replaced by an approximate exp
sion which holds in the region making the largest contrib
tion to the integral. Then
u-
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F~y!5
1

A12y0
E

l0y

l0y0 dz

z~ez21!
'

1

A12y0l0y
S 12

y

y0
D .

~20!

When y/y0!1, F increases proportionally to 1/y. Let us
make some numerical estimates. We assume that the r
ration process is completed when the effective transpare
Tw of the quantum well increases to the 0.99r level. If Ec

2Evl
0 50.224 eV andVbi

0 50.3 eV, this corresponds to
photovoltagedVr roughly equal to 0.01 eV. Fory051/3 ~see
Fig. 1! andl0'7.5 we obtainF'4.4. A similar estimate for
dVr5kT, which corresponds to the restoration ofTw to the
0.97r level, givesF'1.4. Thus, it can be assumed for mo
erate and high intensities thatF depends weakly ony0 and
that the restoration timet r2t0'(223)t t .

It follows from the definition oft t andqst
0 5spN* e2l0,

where the effective density of tunneling holes for the para
eters chosenN* '331017 cm23 ~see Refs. 8 and 12!, that

t t5~apN* !21el0. ~21!

This time decreases with increasingap and increases
with l0 @see~10!#. Sincel0}(mp* /Na)1/2, t t decreases ex
ponentially with increasingNa and increases with the effec
tive mass of the tunneling holes. It is very significant thatl0

does not depend on temperature, and thus the temper
dependence oft t is determined only by the preexponenti
factor and the hole restoring current.12 If ap53
31028 cm3/s andl057.5, for the parameters used in th
calculation the restoration timet r52t t50.4ms.

In the linear caseU0y,l0y!1, and formula~18! is ap-
plicable over the entire range of variation ofy, so thaty0 is
the stationary value of the photovoltage during illuminatio
The law governing the variation ofy has the form

y5
y0

11~ t2t0!/t l
, t l5

Ns

~qst
0 l01qsth

0 U0!y0

. ~22!

Plugging iny0 from ~14!, we obtain

t l5
Ns

A2qsn~qst
0 l01qsth

0 U0!
[ts , ~23!

wherets}I i
21/2 is the time for the achievement of a statio

ary state. Thus, in the case of low intensities, in which
photocathode parameters vary only slightly under the ef
of illumination, the processes leading to the establishmen
equilibrium following the onset and termination of illumina
tion take place with similar time scales.

5.3. There should be special interest in the simulation
excitation by two pulses of equal duration and intens
(tpul54t* 51 ns, I i51023 cm22s21) with a variable interval
D between them. Such a regime has been used both for
perimental studies of nonlinear effects4,5 and in accelerators.9

The excitation intensity chosen is such that the time
achieving the stationary state is several times smaller t
the illumination timetpul . The emission charge in the secon
pulse is determined both by the changes in the barrier par
eters in response to the first pulse~which depend on the
relationship betweenI i and I cr) and by the relationship be
tweenD and the restoration timet r of the barrier character
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istics. Both I cr and t r depend on the capture coefficient
holes on neutral centers. In particular, the value ofI cr de-
creases with decreasingap @see ~17!#, while the time t t

}1/ap increases. Figure 6 shows plots of the charge ra
Q2 /Q1 as a function ofD, which were calculated for variou
values of the capture coefficient of holes on neutral cen
ap . It is seen that atD!t t the ratioQ2 /Q1 is markedly less
than unity and depends strongly onD andap .

Apart from the dependence ofQ2 /Q1 on D, it would be
interesting to determine the smallest interval between pu
which ensures that (Q12Q2)/Q1<q for an assigned value
of q. The calculations show that the ratioQ2 /Q1 differs
from unity by no more than 5% whenD.(223)t t . In the
rangeap5102721028 cm3/s the timet t varies in the range
0.0520.5ms. For ap&331028 cm3/s and the intensity
I i51023 cm22s21.I cr we note that the barrier is blocke
long before the establishment of equilibrium and that res
ration of the position of the vacuum level relative to t
conduction band requires considerable time. For this rea
the emission charge in the second pulse forI i*I cr is strongly
reduced whenD!t t ~see Fig. 6!.

6. DISCUSSION OF THE EXPERIMENT

A comparison of the results of the theoretical calcu
tions with experimental data5 on the dependence of the emi
sion chargeQ on the laser pulse energy shows that adju
ment of the values ofEc2Evl

0 and Tn makes it possible to
obtain the range of values ofQ which reproduce the experi
mental data. An inversely proportional intensity depende
of the time for the establishment of a stationary regime f
lowing the onset of illumination@formula~16!# was observed
in Ref. 6. Calculations of the restoration of the photocatho
characteristics following the termination of illumination an
simulation of the two-pulse regime reveal the proces
which determine the main qualitative effects:4,5,7 the de-

FIG. 6. Ratio of the photoelectron emission charge in the second pulsQ2

to the emission charge in the first pulseQ1 for two-pulse excitation as a
function of the delay between the pulsesD for various values ofap cm3s21:
1 — 1027, 2 — 331028, 3 — 1028.
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creases in the amplitude of the current and charge during
repeated pulse and their increase with the delay betw
pulses~a memory effect!.

The restoration time of the photocathode characteris
depends weakly on temperature@see ~21!#, providing evi-
dence~together with the experimental results in Ref. 4! sup-
porting the assertion that the light-hole tunneling curren
the restoring current. The restoration time is determined
the capture coefficient of holes on neutral centers, and w
ap'331028 cm3/s, it amounts to 0.1ms, which is consis-
tent with the experimental data in Refs. 5 and 7. The ex
nential dependence of the restoration time on the parame
of the emitter space-charge region leads to strong variab
of the observed~for example, in Refs. 4 and 5! restoration
times and the dependences of the photocurrent on the d
in the case of two successive excitation pulses, provid
evidence of the significantly different parameters of the p
toemitters investigated.

According to experiment, the maximum values of t
quantum efficiency and the free charge are achieved for la
values of the negative electron affinity (Ec2Evl

0 .0.2 eV),
and a small restoration time is attained for a high concen
tion of acceptors in the space-charge region.

7. CONCLUSION

The transient characteristics of photocathodes obse
at high excitation intensities~the kinetics of the establish
ment of a stationary regime and the dependence of the e
sion charge on illumination intensity and restoration tim!
are described by a nonlinear diffusion-drift model of a ph
tocathode. The results obtained permit reconstruction of
of the parameters of photoemitters from experimental tr
sient characteristics and can be used to optimize photoc
ode structures for use in excitation regimes.
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Features of the current-voltage characteristics of long semiconductor structures
under ultrahigh-level double-injection conditions

N. M. Volodin and A. V. Khanova
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The widespread use of low-resistivity materials in modern solid-state electronics calls for an
analysis of the current-voltage characteristics of long semiconductor structures under ultrahigh-
level double-injection conditions. It is shown that the pure plasma model of semiconductors
is not applicable in such an analysis, since the concentration dependence of the carrier mobility
m(n) must be taken into account. The conditions for the appearance of highly superlinear
current-voltage characteristics in the region of the initial variation ofm(n) due only to the rate
of variation of the mobility of the majority carriers~the l effect! are analyzed. Thel
effect is manifested on the experimental current-voltage characteristics in the form of sharp
current jumps and corresponding high values of the differential order of the current-voltage
(J2V) characteristic (a5d logJ/d logV), which are determined by the variation of the
differential order of the concentration dependence of the carrier mobilityl(n)5d logm/d logn.
A calculation shows that the mechanism for the appearance of thel effect can be
determined at injection levels as high as;1017 cm23. © 1998 American Institute of Physics.
@S1063-7826~98!01212-5#
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INTRODUCTION

The conditions for the appearance of sharply superlin
current-voltage characteristics of semiconductor structu
are analyzed in this paper on the basis of the theory
injection-contact phenomena with consideration of the ch
acter of the dependence of the mobility of the charge carr
on their concentration.

The features of the current-voltage characteris
~IVC’s! of long semiconductor structures under ultrahig
level double-injection conditions are considered. Althou
this question has not been analyzed hitherto, the widesp
use of low-resistivity materials in modern solid-state ele
tronics calls for such an analysis.

It should be noted that the statement of the problem
not confined to an examination of low-resistivity materia
alone. The condition of low resistivity is equivalent to th
condition of high current densities. However, the Joule he
ing of high-resistivity structures at such high current den
ties may preclude observation of the features of
ultrahigh-level double-injection regime.

The geometry of the structure investigated is shown
Fig. 1. In the present treatmentL. l a1 l k , wherel a and l k

are the ambipolar diffusion lengths at the anode and cath
respectively. The cathode and anode materials must be g
electron and hole injectors.

We shall utilize the theory of injection-contact phenom
ena developed in Ref. 1 to solve the problem posed.
1311063-7826/98/32(12)/5/$15.00
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1. INITIAL EQUATIONS AND APPROXIMATIONS

The calculation of IVC’s at ultrahigh injection levels re
quires consideration of the dependence of the electron
hole mobilities (mn and mp), the diffusion coefficients (Dn

andDp), and, in the general case, the dielectric constant« on
the electron and hole concentrations (n and p).2–5 In addi-
tion, the form of the dependence of the recombination int
sity on the carrier concentrationsR(n,p) can also differ sig-
nificantly from that in the Shockley–Read model because
both the occurrence of Auger processes and the com
dependence onn andp under the conditions of semiconduc
tor degeneracy.3–6

When the diffusion-free approximation holds, the fo
lowing system of equations can be obtained, according
Ref. 1, from the current equation, the Poisson equation,
the continuity equation:

E~n, j !5
j

e@mn~n!n1mp~n!p#
,

j n5 j
mn~n!n

mn~n!n1mp~n!p
, ~1!

dx5
d jn

eR~n!
5

j

eR~n!
dF mn~n!n

mn~n!n1mp~n!pG ,
wheree is the charge of an electron,n andp are the electron
and hole concentrations at an arbitrary pointx in the semi-
conductor structure,j is the direct current density, andE is
the electric field intensity. The space-charge density is
8 © 1998 American Institute of Physics
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noted byr(n,p), and the form of the functionsR(n,p) and
r(n,p) is specified by the semiconductor model.

The quasineutrality conditionr[ur1u2ur2u'0 signi-
fies fulfillment of the conditions

UdE

dxU! 4p

«
ur1u'

4p

«
ur2u,

«~n!

4p
ur ~n!u!ur1u'ur2u, ~2!

whereur1u and ur2u denote the positive and negative com
ponents of the space charger(p,n), respectively,

r ~n!5

2
mn@12ln~n!#1mp~n!$@dp/dn#2lp~n!@p~n!/n#%

mn~n!mp~n!$p~n!@11lp~n!2ln~n!#2n@dp/dn#%

3R~n! ~3!

is the ambipolar recombination function, and

l~n!52
n

m

dm

dn

is the differential order ofm(n).
If we also introduce the conductivity

s~n!5e@mn~n!n1mp~n!p~n!#, ~4!

FIG. 1. Geometry of the structure:L — intercontact distance; K — cathode;
A — anode. Cathode and anode materials: metal or heavily dopedn1-
and/orp1-type semiconductor layers.
o

the IVC from ~1! can be determined using the followin
system of equations:1

L5E
0

L

dx52 j E
sS~ j !

sk~ j ! ds

s2r ~s!
,

V5E
0

E

E~x! dx52 j 2 E
sS~ j !

sk~ j ! ds

s3r ~s!
, ~5!

where sk( j ) is the near-cathode conductivity andsS( j )
5sn5nS( j ) is the value ofs(x) at the minimum near the
anode~it is assumed thatr ,0). The accuracy of the firs
integral in ~5! is determined by fulfillment of the condition
L. l a1 l k , and the accuracy of the second integral is det
mined by the criterion for diffusion-free conditions1

V~ j !@
kT

e
ln U r k~ j !sk~ j !

r a~ j !sa~ j !U,
wherekT/e is the thermodynamic potential.

The system~5! will be solved below in the ‘‘virtual-
cathode’’ approximation (sk→`), which, on the basis of
Ref. 1, means that V( j )!ur k( j )uL2/2, where r k( j )
5r n5nk( j ) .

2. SPACE-CHARGE MODEL

At high injection levels the quasineutrality conditio
r(n,p)'0 can be written in the form

p~n!'n1DN, ~6!

where

DN5(
A

CnA

CnA1CpA
NA2(

D

CpD

CnD1CpD
ND.0

is the absolute value of the difference between the charge
all the acceptor (A) and donor (D) states, andCn andCp are
the coefficients for the recombination of electrons and ho
on them, respectively.1,7

Then, the quasineutrality criterion from~2! and~3! takes
on the form @with consideration of the equalityur1u
5ep(n)]:
«~n!ur ~n!u
4pep~n!

5
«~n!

4pe

mn~n!@12ln~n!#1mp~n!$12lp~n!2lp~n!@DN/n#%

mn~n!mp~n!$@lp~n!2ln~n!#n1@11lp~n!2ln~n!#DN%

R~n!

p~n!
!1, ~7!
the

in
and it follows from~4! that

s~n!5e@mn~n!1mp~n!#n1emp~n!DN. ~8!

It can be shown that under conditions for realization
the plasma model of semiconductors, where

p'n@DN,

s~n!'e@mn~n!1mp~n!#n, ~9!

the quantityDN in r (n) from ~3! and ~7! can be neglected
only under the conditions
f

n@H mp~n!lp~n!

mn~n!@12ln~n!#1mp~n!@12lp~n!#
DN,

11lp~n!2ln~n!

lp~n!2ln~n!
DN

~10!

which are more severe than~9!, when l(n)→0 or l(n)
→1.

This situation raises some doubt regarding the use of
pure plasma model in injection problems,8 since l(n)→0
and it becomes difficult to satisfy the second condition
~10! when m(n)5m5const. Therefore, the validity of the
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pure plasma model of semiconductors in problems of
type under consideration can be determined only if the ch
acter of the dependence of the mobility of the carriers
their concentration, i.e.,m(n), is determined.

3. SCATTERING MODEL

When the electron-hole scattering of carriers in a non
generate structure is taken into account, in accordance
the data in Ref. 5 the mobilitymn,p* can be written in the
form

mn,p* ~n!5mn,p Y H 11
n

Q~n!
lnF11S M ~n!

n D 2/3G J ,

~11!

wheremn,p is the carrier mobility forn'p→0,

Q~n!5
3«2~n!~kT!3/2

A8pe3
Amn1mp

mnmp

1

mn,p
,

M ~n!564
@«~n!kT#3

e6
, ~12!

andmn andmp are the electron and hole effective masse
In the case of electron-hole scattering, when the qu

tum effects are taken into account, according to Ref. 7,
result ~11! for the regionn!M remains valid ifQ(n) and
M (n) are replaced by the quantities

Q* ~n!5
29/2«2~n!~kT!3/2

3p3/2e3
Amn1mp

mnmp

1

mn,p
,

M* ~n!5
24p

exp~1!

mnmp

mn1mp
«~n!S kT

ehD
2

. ~13!

In the case of a narrow-gap semiconductor with stro
degeneracy, the Kane effect4 should be taken into accoun
According to this effect, asn increases, the effective mass
the carriers in the plasma (p'n) rises according to the ex
pression

mn,p* ~n!5m*A11S n

ND 2/3

,

N5
A8p

3

~m* Eg!3/2

h3
, ~14!

wherem* is the effective mass of the carriers whenn→0
(m* 5mn ,mp) andEg is the gap width of the semiconducto
for a given doping level. At room temperature~300 K! for
«'10 we haveM (n)'3.731020 cm23. If Q(n)!M (n) and
n!M (n), a significant change~a twofold decrease! in m(n)
in Eq. ~11! is achieved for

n[nm>
3

2H Q~n!/ lnF2

3

M ~n!

Q~n!
ln

2

3

M ~n!

Q~n! G J . ~15!

The value ofnm from ~15! is of the order of 1017 cm23

if m'103 cm2/V•s, while the value ofN in ~14! is of the
same order of magnitude only for narrow-gap materials w
anomalously low values ofEg and the effective masses o
e
r-
n

-
ith

n-
e

g

h

the carriers~InSb etc.!. In general, we can single out the cla
of materials for whichnm!N and which, in accordance with
~12!, ~14!, and~15!, obey the relation

m@
9«2~n!h3

8p3/2e3 S kT

Eg
D 3/2Amn1mp

mnmp

1

~m* !3
, ~16!

which places a lower bound on the initial~at small values of
n) carrier mobilities at a level of a few cm2/V•s, if «'10,
T'300 K, Eg'1 eV, andmn'mp'm. This means that the
Kane effect can be disregarded under the conditions

n!nm~n!!N!M ~n! ~17!

when ~16! is satisfied. In this case from~11! we can easily
obtain

m~n!'m, l~n!'
2

3

n

Q~n!F ln
M ~n!

n
21G!1. ~18!

However, when the strong inequality~16! is reversed, under
the conditions

n!N!nm~n!!M ~n! ~19!

only the Kane effect need be taken into account at relativ
small values ofn, so that

m~n!'m, l~n!'
1

3S n

ND 2/3

!1. ~20!

4. RECOMBINATION MODEL

The conditions~16!, ~18!, and ~20! can be satisfied~or
violated! for both types of carriers. However, we shall co
sider ~for the sake of fixing ideas and simplicity! the situa-
tion where the majority carriers are holes under the condit
r ,0 in ~3! and ~5!, so that the conditionsn@DN.0,
mp(n)'mp@mn(n)'mn , and mp(n)'mp!mn(n)'mn

will hold at not excessively high values ofn. In accordance
with ~3!, ~4!, and~6!, we then have

r ~n!52
R~n!

mn@lp~n!n1DN#
,

n~s!5
s

emp
, ~21!

and from~7! the quasineutrality condition can be written
the form

«

4pe

R~n!

mnn@lp~n!n1DN#
!1, ~22!

where it is henceforth assumed that

«5constu~n/«!~d«/dn!u!1.

5. CALCULATION OF THE CURRENT-VOLTAGE
CHARACTERISTIC

Let R(n)5gn2, which is true both for band or leve
recombination in shallow traps in the absence
degeneracy1,8 and for normal Auger recombination in th
presence of degeneracy.7 In this case from~16!, ~18!, and
~21! we can obtain
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r ~s!52
3

2

Qpg

mn

s2

s2@ ln~sM /s!21#1sD
2

, ~23!

where

sM[empM , sD[empA3

2
QpDN,

Qp[Qm5mp
5

3«2~kT!3/2

A8pe3Amp

1

mp
. ~24!

Using ~23! and the methodology in Ref. 1 to determin
the order of the functionr (s)

d~s!5
s

r

dr

ds
5

s212sD
2

s2@ ln~sM /s!21#1sD
2

, ~25!

we can predict the existence of a minimumdmin(smin) for
d(s) and a corresponding maximumamax for the order of
the IVC a5d(logJ)/d(logV). The minimum ofd(s) from
~25! is specified by the equations

2

dmin
1 lnS 2

dmin
21D52 ln

sM

A2sD

23,

smin5sM expF2S 1

dmin
1

3

2D G , ~26!

which yields a value of the maximum order of the IVC at t
level

amax[ae'11
1

dmin
' ln

sM

2Aexp~1!sD

, ~27!

since ae@1/2u ln(ae23/2)u and from ~17! and ~24! sM

@sD .
After the region of the extremum of the order of th

IVC, wheresS
2( j )@sD

2 , from ~5! and~23! we can obtain the
expressions

sS~V!'sMexpF2S 11
3gQpL2

4mnV D G ,
j ~V!'

2sMV

L
expF2S 11

3gQpL2

4mnV D G , ~28!

and from~15! and ~17! we have

V!VM5
3gQpL2

4mn
H lnF 2M

3Qp
lnS 2M

3Qp
D G J 21

,

sS~V!!
3

2
empQpH lnF 2M

3Qp
lnS 2M

3Qp
D G J 21

!sM . ~29!

Thus, fairly high orders of the IVC~sharp current jumps!
should be observed in the injection regime under consid
ation due to the existence of a dependence oflp on n long
before any appreciable variation ofmp(n) is observed. Fig-
ure 2 presents qualitative plots of the IVC anda vs V for the
cases considered.
r-

6. MEASUREMENT POSSIBILITIES OF THE
ULTRAHIGH-LEVEL DOUBLE-INJECTION REGIME

An exact calculation of the parameters of the order
trema (Je ,Ve , andae) from ~23! and~25! using the methods
in Ref. 1 makes it possible to determine the values ofDN
andg from experimentally observed IVC’s in the region o
their order extrema and the formulas

DN5
2

3S LJe

empSVe
D 2 1

Qp

ae
2

~2ae21!2

3
dseln~sM /sse!2~11dse!

22dse
,

g5
2

3

mnVe

QpL2

~2ae21!~ae21!

ae
2

2 ln~sM /sse!23

22dse
, ~30!

where Je5S je ,S is the area of the sample normal to th
current,

sM

sse
5

empMSVe

LJe
S 22

1

ae
D ,

FIG. 2. Qualitative plots of the IVC~a! and a vs V ~b! for the ultrahigh-
level double-injection regime. Curves1–3 correspond to different values o
DN: DN3,DN2,DN1.
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dse5
1

ae21F12
ae9Ve

2

ae~2ae21!~ae21!
G ,

ae95S d2a

dV2D
V5Ve

, ae5
Ve

Je
S dJ

dVD
V5Ve

.

When the strong inequality~16! is reversed, under con
ditions for the realization of~19!, ~20!, and ~22! from ~21!
we obtain

r ~s!52
3Np

2/3g

mn~emp!1/3

s2

s5/31sp
5/3

, ~31!

where

Np5N~m* 5mp!5
A8p

3

~mpEg!3/2

h3
,

sp[emp~3DNNp
2/3!3/5.

For ss( j )@sp it follows from ~31!, ~26!, and ~27! that
we can use approximations of the form

ss~ j !5S emp

Np
2 D 1/4S mnj

4gL D 3/4

,

j ~V!5
9•74

8p2
•47

eh6mpmn
3

~gmpEg!3

V4

L7
, ~32!

whence follows the formula for analyzing measurement
sults

g'0.256S empS

Je
D 1/3 h2mnVe

4/3

mpEgL7/3
, ~33!

where Ve and Je are determined at the point of the ord
maximuma'ae54.

In the case of weak asymmetry of the carrier mobilit
and effective masses, the IVC from~32! can be written in the
form

j ~V!5
9•74

8p2
•47

eh6

~gEg!3Fmnmp~mn2mp!

mnmp
G3

3
1

~mn1mp!2

V4

L7
. ~34!

It can be shown on the basis of~22!, ~18!, and~20! for fairly
small values ofDN @DN!lp(n)n# that the conditions for
carrier drag~quasineutrality! under the conditions considere
can be written in the form

ss~ j !@
3«g

8p
Qn@ ln~a ln a!21#,
-

ss~ j !@empNpF 3«g

4pemn
G3/2

, ~35!

respectively, for the cases of electron-hole scattering and
Kane effect. Herea[«gM /(8pemnQp).

7. CONCLUSION

The appearance of highly superlinear IVC’s in the regi
of the initial variation ofm(n) due only to the rate of varia
tion of the mobility of the majority carriers~the l effect! is
very interesting. According to the data presented above
requires fulfillment of the following conditions~for a p-type
semiconductor!:

mp@mn@
«g

4pe
,

Np@
3

2
QpH lnF 2M

3Qp
ln

2M

3Qp
G J 21

@DN,

3

2
QpH lnF 2M

3Qp
ln

2M

3Qp
G J 21

@Np@DN,

of which the first ensures satisfaction of the quasineutra
criterion, the second refers to the case of electron-hole s
tering (ae.4), and the third applies to the Kane effect (ae

54). In the case of electron-hole scattering in comparativ
wide-gap semiconductors (Eg'1 eV!, these conditions im-
pose a lower bound on the value ofmp(mp /mn)2 at a level of
several cm2/V•s ~whenmp@mn) and an upper bound on th
value of mpDN at the 1021 cm21V21s21 level whenmp /g
@63106 cm21V21. In the latter case~the Kane effect! for
narrow-gap materials with small values ofmp ~like InSb!
violation of the condition~16! places an additional uppe
bound onmp at the 104 cm2/V•s level. All these conditions
are attained comparatively easily, so that the achievemen
injection levels as high asns( j )'1017 cm23@DN in a semi-
conductor can permit verification of the existence of a giv
l mechanism.
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diode lasers with one layer of InAs quantum dots grown on vicinal GaAs „001…
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I. S. Tarasov, and Zh. I. Alferov

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted June 29, 1998; accepted for publication July 1, 1998!
Fiz. Tekh. Poluprovodn.32, 1482–1486~December 1998!

The electroluminescence and stimulated emission of lasers with one layer of InAs quantum dots
~QD’s! grown in a single molecular-beam epitaxial process on vicinal GaAs~001! surfaces
misoriented in the direction@010# by 2, 4 and 6° are investigated. It is discovered that an increase
in the misorientation angle leads to a blue shift and a decrease in the full width at half
maximum~FWHM! of the electroluminescence spectrum. This effect is attributed to a decrease
in the size of the quantum dots and improvement in their size uniformity. A strong
dependence of the threshold current density on the width of the spontaneous luminescence
spectrum is discovered. The room-temperature threshold current density of the lasers with one
layer of quantum dots and the spontaneous luminescence spectrum having the smallest
FWHM ~54 meV! equals 210 A/cm2. © 1998 American Institute of Physics.
@S1063-7826~98!01312-X#
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Quantum-dot~QD! arrays are very interesting objects f
use as active media in the next generation of injection h
erostructure lasers. The calculations in Ref. 1 showed
because of the delta-shaped character of the energy de
dence of the QD density of states, QD lasers can have
tremely low threshold current densities (.10 A/cm2), which
depend weakly on temperature. The threshold current de
ties that have been achieved in quantum-dot lasers are
far from the predicted values. Significant progress in impr
ing the characteristics of QD lasers has been achieved
result of the use of several layers of vertically coupled QD2

and tunnel-coupled QD arrays and quantum wells.3 How-
ever, since these solutions unavoidably lead to broadenin
the density-of-states function, the interest in the possibility
creating a ‘‘classical’’ quantum-dot laser has not waned.

The main obstacle to obtaining low-threshold lasing
room temperature is the complexity of growing unifor
high-density arrays of isolated QD’s by molecular-beam
itaxy ~MBE! according to the Stranski–Krastanov metho
The use of GaAs~001! substrates misoriented in the@010#
direction in ordinary MBE according to the Stransk
Krastanov method to improve the size uniformity of QD
was first proposed in Ref. 4. Growth steps oriented in t

directions, viz.,@110# and @ 1̄10#, should appear on such
vicinal surface. The intersection of these steps forms a
work of bounded terraces, whose size depends on miso
tation angle, on the vicinal surface. The energy barriers in
surface potential located on the terrace boundaries pre
the movement of atoms diffusing over the surface from t
race to terrace. In fact, detailed atomic force microsco
~AFM! investigations of InAs QD arrays grown by th
Stranski–Krastanov method on GaAs~001! substrates misori-
ented in the@010# direction5 showed that a quantum do
1321063-7826/98/32(12)/5/$15.00
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grows on each terrace predominantly from the material
posited on that terrace. An increase in the misorientat
angle leads to an increase in the density of QD’s, a decre
in their size, a decrease in the number of coalescing ‘‘larg
islands, and improvement in the uniformity of the QD siz

Our work is devoted to studying the electroluminescen
~EL! of separate-confinement laser heterostructures with
layer of InAs QD’s in the active region, which are grown b
ordinary MBE according to the Stranski–Krastanov meth
on GaAs~001! substrates misoriented in the@010# direction.
The laser heterostructures were grown in a TsNA-4 sys
in one MBE process on a set of substrates misoriented in
@010# direction by 0, 2, 4, and 6°. The growth rates, substr
temperature, and V/III flux ratio were chosen and monitor
using reflection high-energy electron diffraction~RHEED!.
As in Ref. 5, the growth temperature of the InAs QD’s w
470 °C, and the V/VIII flux ratio was equal to 2. After 2.
monolayers of InAs were deposited, growth was interrup
for 15 sec for the final stage of formation of the QD’s. Th
QD layer was enclosed on both sides in waveguide supe
tice layers with effective variation of the composition fro
Al0.1Ga0.9As near the QD layer to Al0.6Ga0.4As near the emit-
ters. The heterostructure was an ordinary separ
confinement laser structure with Al0.6Ga0.4As emitters, each
having a thickness of 0.8mm, a waveguide layer of variable
composition and thickness 0.6mm, and ap-type GaAs~Be!
contact layer of thickness 0.4mm. Lasers having a very
simple stripe design with SiO2 insulation and a stripe width
of 100 mm were fabricated from the structures. Highly r
flective dielectric coatings with 80–90% reflectivity were d
posited on the mirrors of some of the lasers. The EL spe
were investigated under a continuous pump current.

Figure 1 shows the AFM images of QD arrays grown
3 © 1998 American Institute of Physics
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FIG. 1. AFM images of GaAs~001! surfaces coated by a 2.9 monolayer thick InAs layer with different misorientation angles in the@010# direction: 0~a! and
6° ~b!.
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a single MBE process on an exactly oriented GaAs~001! sub-
strate~a! and a substrate misoriented by 6°~b! under condi-
tions corresponding completely to the growth of the la
heterostructures. The surfaces of the samples were inv
gated by atomic force microscopy on an SPM-4~NT-MDT!
microscope. The surface images were obtained with sc
ning of the tip over the sample surface at a constant pres
~in the contact mode!. The spatial resolution achieved usin
a Si3N4 tip with a radiusR,300 Å mounted on aV-shaped
cantilever was far better than the diameter of most of
features observed on the surface. A comparison of the A
images in Fig. 1 shows that substrate misorientation lead
the formation of a more uniform array of InAs QD’s withou
‘‘large’’ InAs islands. An estimate of the QD density from
the AFM images gives 431010 cm22 and '1011 cm22 for
an exactly oriented surface and a surface misoriented by
An analysis of the height distribution of the QD’s revealed
decrease of the mean QD height from 35 to 20 Å with
creasing misorientation and a decrease in the height dis
sion from 15 to 10%.

Laser diodes with a cavity length of 1700mm not having
dielectric coatings on the mirrors were used to investigate
electroluminescence. The transition to a lasing regime co
be observed with such a cavity length. A comparison of
photo- and electroluminescence spectra presented in the
in Fig. 2 for a sample with 4° misorientation showed th
self-absorption effects6 do not alter the qualitative picture o
the spectrum and do not interfere with the comparative st
of the spectra of the laser structures. Figure 2 presents th
spectra of four laser diodes without coatings on the mirro
which were fabricated from heterostructures with vario
misorientation angles. The spectra were recorded at 2
with a pump current density equal to 300 A/cm2.

The spectrum of the exactly oriented sample has
complex form previously observed in Ref. 7. Apart from t
long-wavelength maximum, which is associated with reco
r
ti-

n-
re

e
M
to
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e
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EL
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bination from the ground state of the quantum dots, it co
tains a short-wavelength shoulder, which separates into
peaks of Gaussian shape upon curve fitting. An increas
the misorientation angle leads to a blue shift of the lumin
cence spectra, reduction of the short-wavelength shoul
and a decrease in the full width at half-maximum~FWHM!
of the ground-state peak. Due to the large height of the b
rier ~Al0.1Ga0.9As) bounding the dots, none of the sampl
displayed luminescence from the wetting layer~the calcu-
lated position of the peak is indicated by an arrow!. The
observed blue shift and the decrease in the FWHM~Fig. 2!
agree well with the data from the AFM investigations a
can be attributed to variation of the size distribution of t
dots with the misorientation angle. Variation of the tempe
ture in the range 20250 °C and the pump current up to
subthreshold value did not lead to changes in the shape
FWHM of the long-wavelength maximum and only slight
altered the contribution of the short-wavelength shoulder
the luminescence. The decrease in the contribution of
short-wavelength shoulder to the spectrum with increas
misorientation angle is evidence that the complex form of
spectra is clearly due to recombination not only through
cited states of the QD’s, but also through states created
the presence of tunnel-coupled dots with a different me
radius~Refs. 8 and 9!.1!

A further increase in the pump current (T520 °C) in the
samples without dielectric mirrors led to the appearance
lasing. Figure 3 presents the electroluminescence spectra
sample with 4° misorientation for various pump curren
When the current equals 690 mA, a series of individual n
row ~1–2 meV! peaks appears along with general narrowi
of the luminescence maximum. Luminescence with suc
pattern is clearly caused by the stimulated emission of a
groups of QD’s of very similar size. Increasing the pum
current to 715 mA causes the appearance of lasing line
the spectrum, which coincide in position with the peaks
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FIG. 2. Electroluminescence spectra (T5293 K; I 5300 mA) of four laser diodes fabricated from heterostructures with various substrate misorien
angles. The inset shows the photo- and electroluminescence spectra for a sample with 4° substrate misorientation.
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stimulated EL. Variation of the pump current up to twice t
threshold value did not lead to variation of the positions
the initial lasing peaks. Only new peaks caused by stimula
emission from other groups of QD’s were added to the sp
trum.

Highly reflective dielectric coatings were deposited
diminish the losses due to the escape of radiation in the
rors of the stripe lasers. The values of the threshold cur
density measured for the best structures ranged from
A/cm2 for a sample with 4° misorientation to 5000 A/cm2 for
an exactly oriented sample. In our opinion, such strong va
tion of the threshold current density cannot be explained
the value of the quantum efficiency in the heterostructu
We measured the quantum efficiency (h) in samples with a
short cavity (L5100mm) according to the method describe
in Ref. 10 ~inset in Fig. 4!. The relative increase inh with
increasing misorientation angle does not exceed a factor
This finding can be attributed to a decrease in the contr
tion of radiationless recombination through ‘‘large islands
The threshold current density turned out to be lower in
sample with 6° misorientation than in the sample with
misorientation, despite the smaller value ofh. In Fig. 4 the
values of the threshold current densityJth are plotted as a
function of the FWHM of the spontaneous EL spectra. T
rapid increase inJth with the FWHM corresponds to th
predictions of the theory of QD lasers developed in Ref.
According to this theory, the maximum gain in such a la
is proportional to the surface density of QD’s and also
pends on the size dispersion« of the dots as 1/«. Since the
FWHM of the luminescence spectra is directly related to
size uniformity of the QD’s, the low values of the thresho
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current density for the samples with 2, 4, and 6° misorien
tion are due to the fact that quantum dots could be obtai
in them with a large surface density and a low size disp
sion.

FIG. 3. Electroluminescence spectra of a sample with 4° substrate mi
entation for various pump currents atT5293 K.
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FIG. 4. Dependence of the threshold current densityJth on the FWHM of the spontaneous EL spectra for samples with various substrate misorientation a
0, 2, 4, and 6°. The inset shows the relative variation of the quantum efficiency in samples with a short cavity (L5100mm) on substrate misorientation angle
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The lowest threshold current density (210 A/cm2) was
exhibited by the lasers displaying spontaneous EL with
smallest FWHM~4° substrate misorientation!. The EL and
lasing spectra of this laser are shown in Fig. 5. This valu
a record for injection lasers with one layer of InAs QD’s
the active region.

In conclusion, we note that the employment
GaAs~001! substrates misoriented in the@010# direction in a
conventional MBE process has allowed us to grow laser
erostructures with a single uniform QD array having a h
surface density ('1011 cm22) in the active region, on which

FIG. 5. Spontaneous EL (J5170 A/cm2) and lasing (J5210 A/cm2) spec-
tra of a laser with 4° substrate misorientation atT5293 K.
e

is

t-

it was possible to obtain continuous lasing at 293 K throu
the ground state of the carriers in the QD’s. The value
210 A/cm2 obtained for the threshold current density at 2
K in the lasers with 4° misorientation is the best value kno
to us for separate-confinement heterostructure lasers
one layer of quantum dots in the active region.

We thank L. V. Asryan for some fruitful discussions an
N. F. Kadoshchuk for depositing the mirrors.

This work was supported by the Russian Fund for Fu
damental Research~Grants 97-02-18153, 97-02-18151, an
97-02-18291!.

1!We intend to publish the results of an investigation of the form of t
photoluminescence spectra of QD arrays on misoriented wafers in the
future.
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Solomon Meerovich Ryvkin „On his 80th Birthday …

Fiz. Tekh. Poluprovodn.32, 1533–1534~December 1998!
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November 23 marks the 80th birthday of the reno
Russian scientist, Prof. Solomon Meerovich Ryvkin, w
was the first editor-in-chief of Fizika i Tekhnika Poluprovo
nikov @Semiconductors#.

He was born in Belorussia in 1918. In 1936 he enrol
in the faculty of physics and mechanics of the Leningr
Polytechnic Institute, from which he graduated a few da
before the beginning of World War II. In 1941–1945 h
defended his homeland, travelled as a member of the si
corps from Voronezh to Vienna, and finished the war as
commander of the telephone-telegraph section of the T
Ukrainian Front.

In 1945 S. M. Ryvkin started working in the Physic
technical Institute, where, thanks to his remarkable tale
tremendous industriousness, and unreserved devotion to
ence, advanced in a short time from a junior research wo
to a doctor of physical and mathematical sciences, a pro
sor, and a great scientist, who enjoyed well-deserved wo
wide fame. In 1957 he set up the Laboratory for Nonequil
rium Processes in Semiconductors, which he headed unt
premature retirement in 1981.

Already in his early papers S. M. Ryvkin was the first
use the concept of the exciton to explain the anomalous
pendences of the photoconductivity of cuprous oxide tha
observed. The optical spectrum of this quasiparticle was s
sequently discovered in a crystal of cuprous oxide. Ryvki
scientific studies of the mechanisms and kinetics of the p
toconductivity of solids are regarded as classical and, t
large extent, fundamental. Ryvkin’s monographPhotoelec-
tric Effects in Semiconductors, which summarized those
studies, was republished in the United States and Germ
and became a reference book for a whole generation
researchers.

S. M. Ryvkin’s name is associated with the discovery
many fundamental effects in physics. They include
current-convective instability in a semiconductor plasma,
phenomenon of light scattering in crystals with variation
the frequency due to the nonlinear polarizability of the m
dium, and electron drag by photons. The phenomena as
ated with the charge exchange of local centers that he
covered, as well as the discovery of the magnetoconc
tration effect and some new nonlinear phenomena in
electron-hole plasmas~Gunn oscillations in strained germa
nium, intervalley current instability, and the shock avalanc
breakdown of excitons in germanium! also aroused great in
terest in the scientific community. His pioneering work
the observation of induced emission in III-V semiconduct
1321063-7826/98/32(12)/2/$15.00
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subsequently led to the creation of semiconductor lasers
was acknowledged by a Lenin Prize in 1964~which he
shared with D. N. Nasledov, A. A. Rogachev, and B.
Tsarenkov!. In the nineteen-seventies S. M. Ryvkin was o
of the first to recognize the importance and prospects
studying manifestations of disorder in semiconductors a
initiated appropriate research projects in his laboratory.

S. M. Ryvkin was typified by a combination of intere
in basic science and the practical application of its resu
For example, the work of Ryvkin and his coworkers on t
effect of nuclear radiations on semiconductors led to the
tensive development of research on radiation effects
Russia and, at the same time, to the development of a
branch of semiconductor instrument building, viz., the p
duction of nuclear radiation detectors. Fundamentally n
uncooled detectors of infrared laser radiation were created
the basis of the phenomenon of carrier drag by photons.
the basis of the principle of controlled sensitivity that th
formulated, S. M. Ryvkin and his coworkers created a n
class of image detectors, i.e., semiconductor photogra
systems and ionization-type converters, which have fou
application in the high-speed photographic diagnostics
infrared laser radiation.
8 © 1998 American Institute of Physics
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Together with his students, S. M. Ryvkin boldly creat
new areas of research, achieving outstanding results.
trend was undoubtedly promoted by the inquisitive atm
sphere that prevailed in his laboratory. One object of
constant concern was the laboratory seminar, which earn
favorable reputation among specialists in semicondu
physics. The spirit of the seminar, which was known for
relaxed and friendly atmosphere, was always Ryvkin h
self. More than 50 doctors and candidates of science, m
of whom presently head scientific teams, were trained un
his guidance.

S. M. Ryvkin performed a great deal of scientific adm
istrative work. He initiated the publication of Fizika i Tekh
nika Poluprovodnikov@Semiconductors#, which has earned a
is
-
s

a
r

-
ny
er

reputation among specialists from all over the world, a
until 1981 he headed its editorial board. Reviewing eve
thing done by S. M. Ryvkin, we can single out the establis
ment of a scientific school for investigating nonequilibriu
processes in semiconductors, which is being continued by
students, as his primary accomplishment.

Students and Friends
Editorial Board

Board of Directors
A. F. Ioffe Physicotechnical Institute

Russian Academy of Scienc

Translated by P. Shelnitz
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ERRATA

Erratum: Autosolitons in InSb in a magnetic field †Semiconductors 32, 625–628
„June 1988 …‡

I. K. Kamilov, A. A. Stepurenko, and A. S. Kovalev

Kh. I. Amirkhanov Physics Institute, 367003 Makhachkala, Russia
Fiz. Tekh. Poluprovodn.32, 1535~December 1998!

@S1063-7826~98!01512-9#

The sentence beginning on the 14th line from the top of the right-hand column on p. 627 reads: It turned out
velocity of the autosoliton decreases as it moves into the hotter region of the EHP. It should read: It turned out that the
of the autosoliton increases as it moves into the hotter region of the EHP and that the velocity of the autosoliton dec
it moves into the colder region of the EHP.
13301063-7826/98/32(12)/1/$15.00 © 1998 American Institute of Physics
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