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Dopant impurity diffusion from polymer diffusants and its applications in semiconductor
device technology. A review
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Aspects of the nontraditional diffusion of various impurities from polymer diffusants into silicon
and III-V semiconducting compounds are examined. Data are presented on the application
of this method to the technology of semiconductor devices based on silicon and AlGaAs/GaAs and
InGaAs~P!/InP heterostructures. ©1999 American Institute of Physics.@S1063-7826~99!00103-9#
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1. INTRODUCTION

Diffusion is one of the oldest methods, successfully us
for many decades, in semiconductor device manufactu
technology, including for modern devices, and its devel
ment and improvement continue.

One diffusion technique involves the diffusion of do
ants from solid-state film diffusants.1–4 This technique com-
petes successfully with the widespread method of diffus
from a flow of carrier gas, primarily because it does n
require complicated equipment for monitoring and mainta
ing the composition of a gaseous phase, offers a wide var
of diffusants and the possibility of using sources contain
several dopant elements, and can produce low surface
centrations (101721018 cm23) in a single-stage diffusion
process.

The attractiveness of this method should be noted e
cially for the technology of III–V compounds, since the d
fusion process can be carried out in an open system, with
taking special measures to maintain a constant pressur
the volatile group V component in order to prevent therm
decomposition of the material.

Polymer diffusants are a relatively new type of soli
state film source that has been used in silicon technology
less than 20 years and in III–V technology for less than
years.

Solid-state film sources were first prepared for use
silicon technology in the 1960s. They were obtained fro
solutions of salts or acids. Later, compositions were crea
in the form of films consisting of a solution of organic pol
mer ~e.g., cellulose! and solid oxides dispersed in them
other compounds of the dopant element.5 Since the end of
the 1960s silicon-organic compositions based on tetraeth
ysilane~TEOS! and chemical compositions of a dopant e
ment have been developed.1,6,7

Diffusants based on TEOS8–10 have so far been use
successfully in silicon technology and compete both w
diffusion from gas flows and with ion implantation becau
of their simplicity and low cost. In the 1980s these diffusa
2651063-7826/99/33(3)/11/$15.00
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came to be widely used in III–V semiconducto
technology.11–13

When polymer diffusants are used, the process break
into two stages:~1! formation of a glassy film of diffusant on
the surface from a special emulsion by drying in air at
temperature of 200–300 °C, and~2! diffusion of the dopant
impurity from this film into the semiconductor. The ma
deficiencies of TEOS are low stability of the solution, hig
mechanical stresses which, in some cases, cause cracki
the diffusant film, and the unavoidable presence of SiO2 in
the film, which produces complicated changes in the conc
tration profile of the impurity and requires removal of th
SiO2 after diffusion.

A fundamentally new approach to creating film diffu
sants, which eliminated the deficiencies noted above, was
development of entirely homogeneous polymer diffusi
sources which include atoms of the dopant elements in
composition of their element-organic components. This id
was first advanced by researchers at the Physicotechnica
stitute and the Leningrad Technological Institute.14 Later, the
use of a polymer matrix was proposed by others,3,4,15but the
polymer was only used as a binding material, as a solid c
rier, in which the element-organic compound or oxide of t
dopant element is distributed with a greater or lesser deg
of uniformity and homogeneity.

In fact, a uniform distribution of the dopant element in
polymer film can be accomplished by bonding it chemica
to the polymer or by its complete solubility in the polyme
A chemical bond may develop as a result of the photostr
turing process or preexist when a suitable element-orga
polymer is used. Here exact dosing of the dopant beco
possible by varying its concentration in the composition.
addition, the possibility of introducing almost any dopa
into the composition of a polymer diffusant, as well as se
eral dopant elements simultaneously, has been demonstr

The interesting experimental data that were obtained
the first 6–7 years on compositions of polymer diffusa
and their applications in the semiconductor technology
silicon power devices were summarized in a book by G
et al.2 However, the high level of the results obtained up
© 1999 American Institute of Physics
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266 Semiconductors 33 (3), March 1999 Guk et al.
that time has led to continued, intense research on these
fusants, both for developing new devices and for expand
the domain of their applications in the technology of devic
based on polycrystalline Si and III–V compounds. These
sults are discussed in this paper.

The purpose of this review article is to acquaint read
with the possibilities for and features of this type of soli
state film sources, as well as with data obtained over the
decade on the use of these sources in scientific researc
and device engineering of devices based on Si and the II
compounds. We shall also point out the prospects for us
polymer diffusants in the fabrication of ultrafine~smaller
than 100 nm! diffusion regions in Si and for controlling th
lifetime of minority charge carriers.

2. DIFFUSION OF DOPANTS FROM POLYMER DIFFUSANTS
INTO SI AND III–V COMPOUNDS

In their work on creating polymer diffusant compos
tions, El’tsovet al.14 settled on the azide-containing phot
resists as the most promising basis for chemical modifica
of photoresists into polymer diffusion sources. Their ma
components are the light-sensitive, low-molecular aryl az
and a film forming polymer that can be structured. Ultrav
let irradiation causes photolysis of the aryl azide with form
tion of some extremely reactive intermediate products,
aryl nitrenes. These compounds cause transverse cross
ing of the polymer chains, which leads to formation of
phototopograph with the specified properties. The use
element-organic compounds as either the light sensitive
polymer component of the composition makes it possible
form polymer layers which include dopant atoms directly
the composition of a three-dimensional grid, i.e., chemica
bonded and uniformly distributed within it. The use of su
polymer layers as diffusion sources makes precise
smooth control of the amount of dopant in them possible

After formation of a polymer diffusant layer on the wa
fers by centrifugation, depending on the type of mate
used, the diffusion process is initiated either immediat
after the film is deposited or after preliminary thermal d
composition in an oxidizing atmosphere. Here the orga
compounds decompose and oxides of the dopants form a
uniform film on the wafer surface. After thermal decomp
sition, diffusion takes place for the required time at tempe
tures of 850–1300 °C in Si and 450–700 °C in III–V com
pounds. The choice of optimum temperature a
decomposition time for the different compounds was ba
on a comprehensive study of the process and has been
scribed in detail elsewhere.2

The first successful experiments with polymer diffusa
containing B, P, Al, and other dopants in widespread use
silicon technology showed that the scatter in the surface c
centrationNs on 60-mm-diam wafers was65% for low and
63% for high surface impurity concentrations in the diff
sion layer for arbitrary diffusion conditions. Good reprodu
ibility of these results from wafer to wafer and from batch
batch was obtained.2 It was shown that for a given diffusion
regime for B, P, Sb, and As, the surface concentrationNs is
determined only by the amount of impurity introduced in
dif-
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the composition of the polymer diffusant per unit surf
area of the wafer. This distinguishes polymer diffusants
vorably from diffusants based on TEOS, for which the s
face impurity concentration depends nonlinearly on
amount of it in the composition.1

Since the diffusion of majority dopants from polym
diffusants into Si has been described in detail in an ea
review article,2 here we shall discuss the possibilities of t
method for silicon technology, which have been establis
in the last decade, while diffusion into III–V compounds w
be described in more detail since this method was devel
at the Physicotechnical Institute comparatively recently~in
1990! and has no analogs elsewhere in the world.

2.1. Diffusion of zinc into III–V compounds

As noted above, polymer diffusants are attractive
III–V technology primarily because diffusion is possible
an open system without special efforts to maintain the p
sure of the volatile group-V components. Thus, in deve
ing a diffusant, one of the major requirements of the poly
matrix is that it should aid in protecting the semiconduc
surface from decomposition. The mechanical transfe
polymer compositions developed for silicon technology is
no means always effective, since they were created fo
oxidizing atmosphere and higher temperatures. Oleop
polymers containing Zn have been used for various II
compounds. Using InP, the first experiments16,17showed tha
the polymer matrix of the diffusant forms a layer on
semiconductor surface that inhibits decomposition of
substrate; this makes it possible to carry out diffusion of
at temperatures up to 650 °C for a few hours. The absen
significant decomposition of the surface after diffusion of
into n0-InP at 500 °C is indicated by the distribution of ph
phorus in the diffusion layer of the InP~Fig. 1, curve1!
measured by secondary-ion mass spectrometry~SIMS!.
Analogous results have been obtained for GaAs and the
solutions InGaAs, InGaAsP, AlGaAs, InAlAs, and InGa

FIG. 1. SIMS profiles of the distribution of phosphorus~1! and zinc~2! in
InP.
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267Semiconductors 33 (3), March 1999 Guk et al.
The distribution profiles of Zn~Figs. 1 and 2! have a form
similar to that obtained by traditional methods.

Data on the effective diffusion coefficient for InP
InGaAsP, InGaAs, GaAs, InAlAs, and AlGaAs are listed
Table I ~prior to diffusion the electron concentration in the
materials was 53101621017 cm23 ~Refs. 18 and 19!.

The values of the effective diffusion are close to tho
obtained for these materials by other methods.20–22There is a
clear tendency toward a noticeable increase in the diffus
coefficient with an increasing indium content in the indium
containing compounds and aluminum in the aluminu
containing compounds. This tendency indicates that the
fusion of Zn is controlled by the self-diffusion of indium
gallium, and aluminum and proceeds by a ‘‘kick-ou
mechanism. Quantitative estimates are difficult, since
self-diffusion of indium has been determined inaccurat
and data on its concentration and temperature depende
are lacking.

Published data23 imply that the dependence of the dep
at which thep2n junction lies (xj ) on the diffusion time (t)
has the same form (xj

2}t) as when traditional diffusion

FIG. 2. SIMS profiles of the distribution of Zn in GaAs~1!, InGaAs~2!, and
InGaAsP~3!.

TABLE I. Effective diffusion coefficients of Zn in III–V compounds.

Diffusion
Material* temperature, °C Deff , 10212 cm2/s

InP 500 9.4
In0.8Ga0.2As0.39P0.61 500 9.4
In0.73Ga0.27As0.63P0.37 500 7.3
In0.58Ga0.42As0.9P0.1 500 3.6
In0.53Ga0.47As 500 2.7
GaAs 650 0.1
Ga0.85Al0.15As 650 0.9
Ga0.55Al0.45As 650 9.1
In0.5Al0.5As 500 9.4

Note: The diffusion time is 30 min.
*The electron concentration prior to diffusion was 53101621017 cm23.
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methods are used.20,21 The polymer film can be regarded
an unbounded diffusion source for process times less
2 h and temperatures below 650 °C.

2.1.1. Diffusion of Zn in AlxGa12xAs. Published data
on the diffusion of Zn by traditional methods
Al xGa12xAs/GaAs structures are quite contradictory, both
terms of the values of the diffusion coefficient and regard
the solubility limit of Zn.22,24–29The contradictions amon
these data are related to the following factors: nonrepro
ibility of the diffusion conditions, uncontrolled distributio
of the intrinsic defects in the skin layer of the AlGaAs, a
uncontrolled composition of the solid solution with regard
Al in the skin layer which differs from the bulk compositio

A study of the diffusion of Zn from polymer diffusan
into layers of AlxGa12xAs (x50.0520.54)19 showed tha
this method can be used to reduce the influence of t
factors on the results of the diffusion. Homogenization of
composition of AlxGa12xAs in the surface region to a dep
of up to 0.2mm has been observed after diffusion of Zn30

The effect showed up in Raman scattering spectra of t
layers before and after Zn diffusion. Some Raman spectr
shown in Fig. 3. Before diffusion~curve1! four bands were
observed in the spectra which corresponded toLO-phonons
at 273 and 284 cm21 ~GaAs phonons! and at 370 and 38
cm21 ~AlAs phonons!. These bands indicated the existen
of two layers with different amounts of Al (x50.2 and
x50.4) in the skin layer of the sample. After diffusion of Z
only two peaks~263 and 360 cm21) were observed in th
spectra, which corresponded to highly doped (p;1020

cm23) Al0.2Ga0.8As. The presence of a weak shoulder at 2
cm21 in the Raman spectrum showed that a surface l
with a low AlAs content (x<0.1) was formed.

Studies of the Raman spectra from different portions
wafers showed that before diffusion the nonuniformity in
Al content in the surface layer of the solid solution was
high as 200% over the area of a 30330 mm2 wafer. After
diffusion, the deviation in the Al content for the same waf
was less than 15–20%. Besides homogenization of the

FIG. 3. Raman scattering spectra before~1! and after~2! diffusion of Zn
into Al0.2Ga0.8As.
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position, a drop in the Al content in the surface region w
observed to a depth of 0.1–0.2mm.

For all the compositions that were studied, after diff
sion it was possible to obtain hole concentrations in the s
face layer in the range from 231019 to 1020 cm23 and the
depth of thep2n junction for x50.05 and 0.2 was almos
an order of magnitude lower than for AlxGa12xAs with
x50.5.

2.1.2. Diffusion of Zn in InP. In InP it is by no means
always possible to attain 100% activation of Zn implanted
traditional diffusion methods.31,32The concentration of hole
in the doped layer is only 10–20% of the concentration
the implanted Zn.33 It has been shown19 that the choice of the
concentration of Zn (NZn) in the skin layer is important from
the standpoint of complete activation of the introduced i
purity, and that it must not exceed the solubility limit (LZn)
at the diffusion temperature. When polymer diffusants
used, it is easy to attain the optimumNZn in the polymer
solution. Polymer films containing no more than 10% of
by volume are the most useful films, as indicated in Ref.
for obtaining Zn-doped diffusion layers in InP. In this cas
according to SIMS and Raman scattering data, the hole c
centration in the diffusion layer corresponds to the conc
tration of introduced Zn. These data correlate well with t
activation energy of the zinc,Q50.53 eV~Ref. 23!, obtained
from the temperature dependence of the diffusion coeffic
Deff . Theoretical estimates34 for electrically active zinc oc-
cupying crystal lattice sites give an activation energy
0.37 eV, and for neutral interstitial Zn the activation ener
is Q51.25 eV. Experiments where Zn has been introdu
by other methods have yielded different values,Q50.3
20.4 eV ~Refs. 34 and 35! and Q51.321.6 eV ~Refs. 20,
36, and 37!.

In addition to a different degree of activation produc
as a result of changing the relationship betweenNZn and
LZn , we also see a change in the shape of the Zn distribu
profile. Figure 4 shows SIMS profiles of the distribution
Zn atoms in InP after diffusion at 500 °C for 30 min for tw
source concentrations of Zn~1% and 20%!. The profile of
curve 1 corresponds toNZn,LZn ~1% Zn! and its shape is
well known from many papers~e.g., Ref. 20!. This form of
the Zn distribution can be regarded as typical for Zn dif
sion into III–V compounds. An anomalous Zn distributio
profile shape forNZn.LZn ~20% Zn, curve2! has also been
reported in several papers,38 where it was attributed to rapid
defect formation in the diffusion region.

Thus, the data from studies of the steady-state diffus
of Zn into n0-InP andi-InP from polymer film diffusants are
in good agreement with data obtained by other diffus
methods. However, in the former case, the data were
tained more simply in an open system without maintain
the vapor pressure of the volatile component of the III–
compound. In addition, the ability to completely activate t
introduced Zn without subsequent annealing is an impor
feature of this method that is not always feasible by ot
methods.

Carrying out the diffusion process in an open syst
without maintaining the vapor pressure of the volatile co
s
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ponent of the III–V compound makes it easy to investig
the different stages of the diffusion process under ident
conditions, which is not always possible with the other me
ods. These investigations are of interest from the standp
of studying defect formation, clarifying the behavior of no
equilibrium intrinsic defects and their interactions with do
ing impurities, and understanding the diffusion mechanis

Data of this sort have been published for InP.19,23,39

These studies23 have revealed a number of interesting fe
tures of the initial, furthest from equilibrium and least stu
ied, stage of the diffusion process:

–In the initial stage of diffusion, anomalously rapid di
fusion of Zn atoms is observed withDeff;1028 cm2/s at
375 °C, or two to four orders of magnitude higher thanDeff

for steady-state diffusion.
–The degree of activation of the introduced Zn is lo

less than 50%.
–The shape of the Zn profile after the initial state

diffusion at temperatures below 500 °C differs noticeab
from that after steady-state diffusion~Fig. 5, curves1 and2!.
The greatest deviation is observed forNZn.LZn .

–The shape of the Zn profile in semi-insulatingi-InP
obtained after the initial stage of diffusion is similar to th
profiles obtained after steady-state diffusion; i.e., it conta
a plateau between two different diffusion fronts.40

–The initial stage of diffusion is accompanied by th
generation of many microscopic defects.23,39 Defect forma-
tion is greatest forNZn.LZn . Here the region in which de
fect formation is observed extends into the volume of
semiconductor to a greater depth than the diffusion fro
Comparative studies of the distribution of dislocations a
microscopic defects over the depth of the diffusion laye
following the different stages of the diffusion process, ha
clarified the behavior of the nonequilibrium intrins
defects23 and shown that the defect formation and diffusi
processes evolve very dynamically with time, and that t

FIG. 4. SIMS profiles of the distribution of Zn in InP after diffusion a
500 °C for 30 min. The Zn concentration in the source is 1%~1!, 20% ~2!.
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dynamics has essentially been ignored in theoretical anal
of impurity diffusion.

2.2. New possibilities for this method in silicon technology

In the last decade several possibilities for diffusion fro
polymer diffusants have been elucidated, including the f
rication of ultrashallow diffusion layers, controlling the life
time of charge carriers, and using this method effectively
scientific studies. In particular, the use of polymer diffusa
has made it possible to conduct direct studies of the effec
sulfur on the parameters of high-voltage devices.

2.2.1. Fabrication of ultrashallow diffusion layers. It
is well known that the traditional diffusion methods do n
ensure the reproducible production of shallow~less than 100
nm! doped and lightly doped~less than 1018 cm23) regions
in Si and this has been the reason for a switch from diffus
technologies to ion implantation for the production of silic
MOS structures and integrated circuits.

The studies reported in Ref. 4 showed that the use
polymer diffusants as a source of dopant impurities yie
extremely encouraging results. By changing the concen
tion of the dopant in a polymer diffusant it is possible
reproducibly vary the impurity concentration in the sk
layer from 531017 to 1021 cm23, and by choosing the tem
perature and time regime, it is possible to achieve comp
activation of the introduced impurity and obtain doped
gions with dimensions less than 100 nm. Figure 6 sho
SIMS profiles of the distribution of boron.

2.2.2. Controlling the lifetime of minority charge car-
riers. Developers of semiconductor devices face vario
problems: a material with a short minority carrier lifetime
preferable for fast-response devices, while a material wit
long minority carrier lifetime is preferable for high-voltag
diodes and solar cells. These polar opposite problems ca
solved using polymer diffusants for controlling the lifetim
in the active region of the device. To obtain a long lifetim
during high-temperature heat treatments, it is common p
tice to use methods which prevent the penetration of und
ired impurities and Schottky defects from the wafer surfa

FIG. 5. SIMS profiles of the distribution of Zn in InP after an initial stage
diffusion up to a temperature of 450 °C~1! and after stationary diffusion a
450 °C for 30 min~2!.
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into its volume42,43 or methods which make it possible t
remove undesired impurities from the bulk, such as liqu
phase gettering44 or gettering followed by prolonged annea
ing at temperatures where the solubility of recombinat
centers is low and the diffusion coefficients are lar
~700–900 °C!.45 It has been shown46 that by using polymer
diffusion sources it is possible to obtain long hole and el
tron lifetimes (tp andtn) in silicon p2 i 2n structures even
when high-temperature heat treatment is done in air. T
best results (tp ,tn51502300ms! are close to those for the
original single crystals.

In order to obtain a material with a short minority char
carrier lifetime by the traditional method for creating hig
power, high-frequency diodes, a silicon structure withp2n
junctions is usually formed and then at a higher tempera
~800–900 °C! atoms of Au or Pt are introduced to create t
required concentration of recombination centers in the ba
The development of polymer diffusion sources includi
gold element-organic compounds in their compositions
made it possible for the first time to propose a method
diffusion of deep impurities from a bounded source. As
result, a high uniformity of the gold concentration was o
tained in the bulk of the wafer; the concentration profile
NAu did not have a U-shape. Layer-by-layer measureme
of the gold concentration showed that the scatter inNAu was
less than 5% over the depth and over the area of the wa
This method made it possible to obtain reproducible resu
regardless of the history of the sample; the density of dis
cations and the concentration of the shallow impurity h
essentially no effect on the results. It was possible to ob
NAu of 101321015 cm23 with good reproducibility and carry
out this process at the high temperatures~900–1200 °C! typi-
cal of the diffusion of shallow impurities.2

The feasibility of the combined diffusion of boron an
platinum has been investigated.47 This was done on ground
and polished wafers ofn-Si with r055V•cm. After a film of

FIG. 6. SIMS profiles of the distribution of B in Si after diffusion at~1!
900 °C for 10 min and~2! 1000 °C for 10 min.
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270 Semiconductors 33 (3), March 1999 Guk et al.
the polymer diffusant was formed, it was decomposed
450 °C for 30 min and diffusion was carried out in air in th
specified regime.

The concentration and the uniformity of the distributio
of Pt were estimated from the magnitude and uniformity
tp in the base of the diode structures. For otherwise eq
conditions ~for example, with diffusion for an hour a
1200 °C!, tp in the wafers with a ground surface is 3–4 tim
smaller than in the polished wafers. Because of the insta
ity of the Pt-Si solid solution, the rate of cooling after diffu
sion also affects the results of the diffusion. Thus, for e
ample, cooling to 800 °C at a rate of 1 °C/min increasestp

by several factors. Therefore, air quenching~cooling the wa-
fers to room temperature in a few seconds! was used. When
the diffusion time is increased,tp falls ~Fig. 7!. The rise in
the Pt concentration with increased diffusion time may ha
an effect on the diffusion mechanism, which is limited by t
influx of vacancies that diffuse from the surface and form
the bulk of the material. This mechanism was observ
previously48 during the diffusion of gold into silicon. Judg
ing from the minimal value oftp that was obtained, as we
as from the degree of compensation of the resistivity of
base, the maximum solubility of platinum (;1016 cm23)
was not obtained in Ref. 47. Increasing the diffusion te
perature from 1100 to 1200 °C noticeably increases the
formity and reproducibility of the results, as well as the pla
num concentration.

These experiments47 were done with sources that conta
both an excess of Pt and a low Pt concentration, which p
vided for diffusion from unbounded and bounded sour
and made it possible to vary the lifetime from 10 ns to 10ms.

2.2.3. Effect of sulfur on the parameters of high-
voltage devices.Introducing sulfur into silicon by any con
ventional method such as in a sealed cell,49 inevitably causes
surface erosion. This circumstance has prevented direc
vestigation of the effect of sulfur on the parameters of se
conductor devices. Sulfur creates donor levels in silicon w
energiesEd50.18 and 0.37 eV and has a diffusion coef
cient that is three orders of magnitude greater than tha
Al.49 The diffusion of sulfur into silicon high-voltage struc
tures from polymer diffusants has been studied.50 Use of a
polymer diffusion source made it possible to control t
amount of sulfur per unit wafer area over a wide ran
which ensured the complete absence of erosion on the sil
surface. A high surface quality was retained even with
maximum amount of diffusant (;1017 cm22), when the sul-

FIG. 7. Hole lifetime as a function of the time for combined diffusion of
and B.
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fur concentration in the diffusion layer was close to t
maximum solubility. A polymer film containing an organi
sulfur compound was deposited onto high-voltage dio
structures on eithern-type (r05202200V•cm) or p-type
silicon wafers (r05102700V•cm). During diffusion of S,
initial thermal decomposition of the polymer film was n
carried out because of the extremely high volatility of SO2.
Diffusion was carried out in air at temperatures of 100
1200 °C and the processing time was varied from 15 min
several hours. After the surface layer was removed, the c
centration of electrically active sulfur was monitored.

These studies showed that the diffusion of sulfur in
p-type Si causes a change in the type of conductivity of
material, while that inton-type Si reduces the resistivityr.
The scatter in the value ofr over the wafer area is,5%.
The concentration of sulfur was essentially independen
the cooling rate, of the concentration of dislocations~in the
range 0223104 cm22), of the type of conductivity, andr0.
The S concentration was affected by the surface treatmen
the initial wafers, other conditions being the same: in p
ished silicon it is roughly an order of magnitude higher th
in etched silicon. This indicates that sulfur is trapped by
silicon surface only in the initial stage of thermal process
~as in the case of Al diffusion in an oxidizing atmospher!.
In other words, we can assume that S diffused from
bounded source. Sulfur penetrates relatively freely throug
p1-layer, while ann1-layer retards sulfur. Gettering of su
fur introduced into silicon by subsequent diffusion of pho
phorus is inefficient. Thus, after diffusion of phosphorus
4 hours at 1230 °C, the concentration of S in a 0.35-m
thick wafer was only lowered by a factor of 3. At the sam
time, prolonged annealing of wafers with imbedded sulfur
800 °C reduced its concentration only slightly. In the lat
case, gettering as a result of the decomposition of the s
solution proceeded slowly, since the diffusion coefficient
sulfur at 800 °C is too low (,10210 cm2

•s21). The break-
down voltages (Ubr) of the diode structures were lower afte
introduction of sulfur and were consistent with the resistiv
of the base. It should be noted that the low gettering e
ciency for sulfur is a positive factor during the delibera
introduction of this element into silicon in the course of d
vice fabrication. However, this also implies that it is nece
sary to carefully avoid even traces of sulfur in the product
sequence for fabrication of high-voltage devices, since su
is a cause of lowered breakdown voltages in Si-devices
of thermal instability in Si.50

2.2.4. Conclusion of Sec. 2.2.Studies have shown tha
polymer diffusants greatly extend the set of dopant impu
ties and their combinations compared to the standard
diffusants and other diffusion methods because of the mu
plicity of monomer and polymer element-organic com
pounds. These features have made it possible for the
time to achieve diffusion of the impurities which create de
levels from organic sources, along with the joint diffusion
these impurities with shallow impurities. As a result,
seemed possible to control the minority charge carrier l
time in the active region of silicon devices over a range fro
10 ns to 10ms.

Polymer diffusants make it possible to introduce ess
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tially all the required impurities into Si, and to regulate t
surface concentration of impurities (Ns) precisely and
smoothly over several orders of magnitude, with a high u
formity. In a number of cases~such as the diffusion of sulfur!
this method is the only way of avoiding surface erosion. T
scatter inNs across 60-mm-diam wafers is65% for low and
63% for high Ns in the diffusion layer for arbitrary diffu-
sion regimes. These results are as good as those obtain
the conventional methods: diffusion in a gas flow, diffusi
from TEOS sources, and ion implantation, but have b
obtained by a simpler, more convenient, and chea
method.

In the technology of semiconducting III–V compound
the use of polymer diffusants makes it possible to carry
the process in an open system, without special measure
maintain the vapor pressure of the volatile group-V com
nents, in contrast with cell diffusion and diffusion in
carrier-gas flow. In addition, as opposed to the other so
state film sources, here it is possible to avoid excess
chanical stresses in the surface region of the semicondu
and to ensure complete activation of the dopant impurity

These prospects and features have predetermined th
ficiency of this method in scientific studies, as well as
applications in semiconductor device technology.

3. APPLICATIONS OF POLYMER DIFFUSANTS IN
SEMICONDUCTOR DEVICE TECHNOLOGY

The results cited above have made it possible to
polymer diffusants in the technology of high-power silico
semiconducting devices: high-voltage diodes and thyrist
and modulator thyristors comparable in speed with hi
power hydrogen thyratrons. It should be noted that the u
formity of the diffusion layers is decisive for the productio
of modulator thyristors. Increasing this uniformity throug
the use of polymer diffusants has made it possible to ob
modulator thyristors that have pulse powers of 106 W and
risetimes of 15–30 ns.51–55 Polymer diffusants are used fo
industrial production of the type KU-102 and KU-108 th
ristors at the Svetlana Company.

Polymer diffusants have been used for the production
various types of solar cells and high-power silicon devic
as well as for creating subcontact layers in AlGaAs/Ga
light-emitting diode structures andp2n junctions in
InGaAs/InP photodetector structures for fiber optics comm
nications.

3.1. Clipper diodes

One application of polymer compositions, which ensu
a maximum surface concentration of boron, is the creatio
high-power, fast diodes with a response time of 10211 s for
protection from momentary overvoltages. A study56,57 has
been made of the properties of silicon clipper diodes fa
cated using polymer diffusion sources. The measurem
showed that in some of the diodes there is no microplas
even for diodes with areas exceeding 1 cm2, while in the
remainder the breakdown voltages for the first microplas
are very close to the breakdown voltage in the main are
the p2n-junction. This kind of breakdown can be regard
e

i-

e

d by
n
en
er

,
ut
s to
o-

id-
e-

ctor

ef-
ts

se
n
rs,
h-
ni-
n
h
ain

-

of
s,
s

u-

re
of

ri-
nts
a,

a
of
d

as quasiuniform. The magnitude of the differential resista
in the linear segment of the reverse branch of the pul
current-voltage characteristic of the diodes served as a m
sure of the uniformity of the diode breakdown. As the e
periments and calculations showed, the major factor de
mining the magnitude of the differential resistance for puls
lasting on the order of or more than 1025 s is heating ava-
lanche multiplication region by the flowing current. A mo
uniform breakdown corresponds to more uniform heat
lease over the diode surface area and, therefore, to a sm
differential resistance. Because of the uniformity of the d
fusion layer, diode structures with surface areas of 1–5 c2

were obtained. During a breakdown of these structures
avalanche current flows over almost the entire area of
p2n junction, even when the reverse current density is
A/cm2 ~for further rises in the current the differential resi
tance remains constant!.

3.2. Solar cells

Shallow p2n junctions in silicon are usually produce
either by diffusion from the gaseous phase or by ion impl
tation. However, it has been shown58 that polymer diffusants
can be used to fabricate shallow diffusion layers~0.3–1mm!
with low scatter in the surface concentration on large a
wafers. Boron and phosphorus containing diffusants h
been used to make solar cells from commercial single cry
silicon intended for operation with solar concentrators. Th
characteristics were similar to those obtained by diffus
from the gaseous phase59 or by ion implantation.60 The high
filling factor of the current-voltage characteristics~0.82–
0.83! provided evidence of a low spread resistance of
frontal emitter layer, and that it might be possible to optimi
the layer resistance in conformity with a chosen contact g
The scatter in the characteristics~short-circuit current 33–35
mA/cm2 for extraatmospheric~space! solar irradiation, open-
circuit voltage 590 mV! of solar cells obtained from a singl
60-mm-diam wafer no greater than62% for an element size
of 4.634.6 mm2.

Profiled polycrystalline silicon is a promising materi
for solar cell manufacture. Its major disadvantage is a l
minority carrier lifetime and, therefore, low solar cell effi
ciency. One feature of polycrystalline silicon is a rather hi
density of dislocations, which can also vary over wide lim
from grain to grain. This parameter has a strong effect on
electrical characteristics of polycrystalline silicon, includin
on the minority carrier lifetime. A study has been made61 of
a high-temperature gettering process for profiled polycrys
line silicon produced by the Stepanov method and inten
for the manufacture of large area solar cells. The getter
efficiency was studied as a function of the density of dis
cations in the original material. Within the confines of
grain the density of dislocations oscillated about certain c
stant values which are different for different grains~from 102

to 108 cm22). Diode mesostructures were formed on po
crystalline grains with a certain density of dislocations.

The gettering efficiency was estimated from the mag
tude of the electron lifetimetn at a high injection level mea
sured by a method described by Lax and Neustadter.62 The
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data on the density of dislocations andtn were averaged ove
a large number of samples. A phosphorus containing p
mer source was used as a getter. High-temperature gett
was performed for two hours at 1200 °C. The surface c
centration of phosphorus in the diffusion layer was 121

cm23. Subsequent low-temperature annealing~700 °C! was
performed in order to enhance the extraction of metallic
purities. After removal of then1-layer a shallown12p
junction was formed on the wafers at 850 °C with a surfa
concentration on the order of 1020 cm23. A high-efficiency
of high-temperature gettering, which made it possible
raisetn by several factors, was demonstrated. The gette
efficiency depends on the number of dislocations in the po
crystalline silicon. Figure 8 implies that a greater getter
effect is attained in regions with low and medium densit
of dislocations. For densities of dislocations of 1022103

cm22, on isolated mesostructurestn was as high as 20ms.
For densities of dislocations greater than 107 cm22, tn re-
mains small, at less than 1ms. As a result of high-
temperature gettering, the excess loss currents in then12p
junctions caused by metallic precipitates in the space ch
region were reduced to 1027 A/cm2 and the diffusion cur-
rents were reduced to 10211 A/cm2, while the ideality coef-
ficient of the current-voltage characteristics approac
unity.

3.3. Multijunction silicon concentrator solar cells

Solar cells intended for converting concentrated solar
diation have been under development for many years.63,64

The most important problem that arises when solar radia
is highly concentrated is to obtain a series resistance of
concentrator solar cell of no more thanRs5102221023

V•cm2. In the course of developing the traditional structur
with p2n junctions, whose area is perpendicular to the
cident solar flux, some mutually contradictory requireme
inevitably arise for the layer resistance of the emitter,
spectral sensitivity, the shadowing created by the con
grid, etc. In this design for concentrator solar cells it is the

FIG. 8. The lifetime of minority charge carriers (tn) as a function of the
density of dislocations (Ndis) in polycrystalline silicon wafers:~1! subjected
to high-temperature gettering by a phosphorus containing polymer diffu
followed by low-temperature annealing and~2! control samples subjected
only to low-temperature annealing.
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fore not possible to obtain smallRs and the efficiency of
these cells rises as the illumination intensity is raised
60–80 suns and then falls. Besides the traditional structu
with ‘‘horizontal’’ p2n-junctions, multijunction concentra
tor solar cell structures have also been made with vert
p2n junctions,63 which meet the requirements imposed
concentrator solar cells very much better.

Collector solar cells have been fabricated usingp-type
silicon wafers~KDB-12 brand! with diameters of 40–60 mm
and thicknesses of 300mm upon which ap12p2n1 struc-
ture was deposited by gradual diffusion of boron and ph
phorus from polymer sources.2 The thickness of the diffusion
layers was 1mm. After the phosphorus diffusion, the wafe
were annealed for 15 hours at 720 °C to getter the deep-l
impurities. This technique gives an electron lifetime~mea-
sured by the Lax method! of 45–55 ms; i.e., the electron
diffusion length exceeded the base thickness.65,66

The spectral dependence of the reflectivity (R) of one of
the samples is shown in Fig. 9~curve 3!. Compared to a
single-layer coating, a two-layer antireflection coating giv
a wider spectral region for small values of the reflectivity;R
is less than 5% forl5710– 1010 nm. The spectral depe
dence of the carrier collector coefficient (Q) for the same
sample is shown as curve2 in Fig. 9, and that of the effective
collection coefficient,Q/(12R), as curve1. As can be seen
from these data, these multijunction collector solar cells h
a high sensitivity in both the infrared~IR! and ultraviolet
~UV!. In the IR, the high~rate of! collection of minority
carriers is the result of a reduced distance~compared to a
planar structure! covered by the carriers before they are se
rated by the verticalp2n junctions. In the UV, we see a
high rate of carrier collection, because the UV radiation
absorbed, not in the heavily doped emitter, but directly in
lightly doped base, which has a long diffusion length a
low rate of surface recombination. Thus, the effective car
collection coefficient is essentially independent of wav
length in a wide range of wavelengths~340–1080 nm!.

The short-circuit current (I sc) per photoactive surface o
a single structure was 27.5– 30 mA/cm2 ~AM0, 25 °C!. A
characteristic of one of the samples for a concentrat
K522 of the solar radiation is shown in Fig. 10. The ope
circuit voltage (Uoc) across this concentrator solar ce
reached 2350 mV,I sc58 mA, and the filling factor (FF)
was 0.8. The large value ofFF is evidence of a low series

nt

FIG. 9. Spectral characteristics of concentrator solar cells:~1! effective
internal collection coefficient@Q/(12R)#, ~2! external collection coefficient
(Q), and~3! reflectivity of the front side (R).
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FIG. 10. Load characteristic of a
concentrator solar cell containing
four series-connectedp2n junctions
for an illumination intensity of 22
suns. The inset shows the structu
of the collector solar cell:~1! silu-
min, ~2! electrode,~3! antireflecting
coating.
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resistance (;1022 V•cm2) per structure, which has been a
tained as a result of the continuous metallization of
heavily dopedp1- and n1-layers. The radiative conversio
efficiency (h) for an irradiation power of 22 suns excee
11% ~AM1.5!.

Therefore, this technology has made it possible, for
first time, the fabrication, from commercial silicon, of co
centrator solar cells with verticalp2n junctions that have
entirely satisfactory characteristics. Their high sensitivity
the UV means that these structures can be used as sens
this region of the spectrum.

3.4. Photodetectors

The diffusion of Zn from polymer films has been used
createp1-regions andp2n junctions in In0.53Ga0.47As/InP,
p2 i 2n-photodiodes intended for operation in fiber opti
communication lines. The design of thep2 i 2n-photodiode
is shown in the inset in Fig. 11~Ref. 67!. The structure was
grown by liquid-phase epitaxy on an InP substrate. An or
nal method for growing pure~with concentrations below 1016

FIG. 11. The reverse branches of current-voltage characteristics (T5300 K!
of p2n junctions obtained under the following diffusion conditions:~a!
T5550 °C, 30 min,NZn.LZn ; ~b! T5550 °C, 30 min,NZn,LZn ; ~c!
T5450 °C, 30 min,NZn,LZn . The inset is a sketch of the design of
p2 i 2n photodiode structure:~1! n-InP:Sn; ~2! n0-InP buffer layer;~3!
narrow-bandn-InGaAs~InGaAsP! layer with a wide gapEg50.73(0.8) eV;
~4! SiO2; ~5! p-InGaAs ~InGaAsP!; ~6! n-InGaAsP withEg.1.0 eV.
e
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cm23) layers of solid solutions, which is based on getteri
of background impurities by a solution-alloy doped wi
rare-earth elements, was used to obtain thei-layer. The
i-layer in the photodetector structures had a concentration
the order of 1015 cm23 and a mobility of (1.021.5)3104

cm2/~V•s! at 300 K.67 Diffusion was carried out in a window
of an SiO2 mask shaped by photolithography. The sam
mask served to protect the periphery of thep2n junction.
The important feature of these photodetectors is the com
nation, in a single device, of high-response time (&100 ns!,
sensitivity, and low dark currents.

Figure 11 shows current-voltage characteristics of I
and InGaAsp2 i 2n-photodiodes obtained under variou
diffusion conditions. These studies made it possible to fi
the optimum conditions for producing localp2n junctions
with dark-current densities of 531027 A/cm2 for a reverse
bias of 5 V. It should be noted that these values match th
for their best known equivalents.68

This method also can be used to raise the yield perc
of suitablep2n junctions with low dark currents~Fig. 12,
histogram 1! compared to cell diffusion~Fig. 12, histogram

FIG. 12. Histograms of the distribution over a wafer of the dark currenI d

for a reverse bias voltageU55 V acrossp2n junctions obtained by diffu-
sion from polymer diffusants~histogram 1! and by cell diffusion~histo-
gram 2!.
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2! and, most importantly, to increase substantially the rep
ducibility of the results from one process batch to the nex
also saves the preparer from having to perform such op
tions as pumpdown, sealing and unsealing quartz cells,
weighing the suspensions that form the diffusion source.

3.5. Light-emitting diodes

The technology developed here has been used to cr
heavily doped subcontact layers for AlxGa12xAs/GaAs light-
emitting diode structures for the purpose of reducing the c
tact resistance.22 Prior to diffusion the structures had cuto
voltages of 1.7 and 2.0 V for light-emitting diodes
l50.80 and l50.66mm, respectively. The layers o
Al xGa12xAs into which the Zn was diffused had the follow
ing composition: x50.1420.15, 0.2020.22, and
0.5220.54 for light-emitting diodes with emission wave
lengthsl50.87, 0.80, and 0.66mm, respectively. Diffusion
was carried out in the upper layer using the method
scribed in Ref. 19.

In all the samples the concentration of holes in the s
face layer after diffusion ranged from 231019 to 1020 cm23

with the depth of thep2n junction for the compositions
with x50.05 and x50.2 almost an order of magnitud
smaller than for AlxGa12xAs with x50.5. In addition, after
diffusion the skin layer of the structures was homogeneou
terms of its Al content. The deviations in the compositi
were less than 15–20% over the wafer area.

Comparative studies of light-emitting diode structur
with emission wavelengthsl50.8 and 0.66mm before and
after diffusion demonstrated an effective reduction in
contact resistance. Because of the formation of a do
layer, the threshold voltages were lowered from 1.7 to 1.5
for light-emitting diodes withl50.8mm and from 2.0 to 1.8
V for those with l50.66mm for a forward current of
10 mA.

4. CONCLUSIONS

It has been shown that polymer diffusants have the
lowing advantages over other solid state film sources: a m
uniform distribution of a dopant impurity over the semico
ductor surface, the possibility of precise and smooth reg
tion of the dopant concentration beginning at 1017 cm23 for
shallow-level impurities and at 1013 cm23 for deep-level im-
purities, the simultaneous inclusion of several dopant im
rities in the diffusant, and other advantages. It is possible
avoid nonlinear dependences of the dopant impurity conc
tration at the semiconductor surface on its concentration
the diffusant, excess mechanical stresses at the surface
incomplete activation of an introduced impurity. In additio
it is possible to fabricate local doped regions by creatin
microprofile using photosensitive polymers as a photolith
raphy base, as well as by diffusion through an SiO2 mask.
These advantages have made it possible to obtain an e
series of semiconductor devices with unique characterist
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The dielectric permittivity and conductivity of Cd12xFexTe compounds (0,x<0.03) are
measured as functions of temperature and frequency. It is found that the Fe atoms are distributed
in a correlated fashion in the Cd sublattice. ©1999 American Institute of Physics.
@S1063-7826~99!00203-3#
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In a previous paper1 we studied the permittivity and re
sistance of Cd12xMnxTe (0,x<0.7) for alternating currents
with frequencies of 100 Hz–10 kHz. There we also p
sented a model of the experimentally observed, therm
activated growth of the permittivity based on jump char
transfer between neutral defects which brings deep le
into the band gap of semiconductor materials. It turned
that this phenomenon, first observed in silicon bombarded
neutrons from a high-flux beam reactor,2 is typical of a broad
class of semiconductor materials.

We have studied the optical and electrical properties
Cd12xFexTe compounds.3,4 It was found that these materia
are compensated, semi-insulating semiconductors, and
iron atoms bring deep levels into the band gap. These p
erties are a prerequisite for the appearance of the additi
polarization which is attributable to the jump char
transfer.1

In this paper we present the results of an experime
study of the dielectric properties of the semiconductor co
pounds Cd12xFexTe (0,x<0.03). Capacitors with a plat
area of about 20 mm2 were made of 0.45-mm-thick semicon
ductor wafers with different compositions by depositing s
ver paste on them for the permittivity measurements. T
capacitance and resistance measurements were made
E7-14 ~frequencies 0.1, 1, and 10 kHz! and E7-12~1 MHz!
digital impedance meters.

Figures 1 and 2 show plots of the permittivity o
Cd12xFexTe materials for different measurement tempe
tures and concentrations of iron. The figures show that at
temperatures the permittivity of the samples with differe
values ofx is about 10. As the temperature is raised,« in-
creases and the increase in« is delayed as the measureme
frequency is increased. The slope of the curves remains
stant for a given sample at the different measurement
quencies~see Fig. 1!.
2761063-7826/99/33(3)/2/$15.00
-
ly

ls
t
y

f

at
p-
al

al
-

e
sing

-
w
t

t
n-

e-

The activation energies for jump charge transfer of
defects which cause the rise in« were estimated from the
temperature curves obtained here using the model of Re

Figure 3 shows the frequency dependences of the
mittivity and conductivity obtained using a VM-507 imped
ance meter~50 kHz–500 kHz! and a VM-560 Q-factor mea
surement system~50 kHz–35 MHz!. It is clear from this
figure that« for the material Cd0.9965Fe0.0035Te at 77 K is
constant over the entire measured frequency range. The
mittivity at 300 K is about 103 for low frequencies and it

FIG. 1. The permittivity of Cd0.9965Fe0.0035Te as a function of temperature
for measurement frequencies of 0.1 kHz~1!, 1 kHz ~2!, 10 kHz ~3!, and 1
MHz ~4!.
© 1999 American Institute of Physics
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decreases slowly, approaching the value of« obtained at 77
K at a frequency of about 20 MHz. The frequency depe
dence of the conductivity forT5300 K in curve 1 of Fig. 3
shows thats increases to a frequency of about 1 MHz a
for f .1 MHz there is a further increase with a tendency
saturate.

The observed temperature and frequency dependenc
« are fully consistent with the model proposed in Ref.
according to which dipoles develop as a result of jum
charge transfer of electrons between neighboring neutral
fects in the crystal and produce an additional polarization
the crystal. Electrons which move in jumps should also p
duce a hopping conductivity, which increases along with
measurement frequency in an alternating field.5 It is clear
from thes( f ) curves in Fig. 3 that the conductivity of thes
materials also varies the way it should for materials with
hopping conductivity mechanism.

On the basis of an analysis of data from a study of« in
Cd12xMnxTe materials, in Ref. 1 we proposed a defe
model in which jump charge transfer between the defe
causes a rise in«. These defects are defects of the Te su
lattice, whose nearest surroundings contain one, two, th
and four Mn atoms asx is raised gradually from 0 to 0.70
Each of these configurations corresponds to a unique ac
tion energyDEi , wherei is the number of nearest-neighb
Mn atoms of a defect. In Cd12xFexTe materials, the change
in the activation energy for jump charge transfer betwe
defects occur at much smaller values ofx than in
Cd12xMnxTe.

The activation energy for pure CdTe (x50) was found1

to beDE0<0.12 eV. As the Fe concentration is increased
x50.0035, the activation energy rises toDE150.38 eV and
remains constant untilx50.01. Asx is increased further to
0.02<x<0.03, DE250.14 eV~see Fig. 2.!

FIG. 2. The permittivity of Cd12xFexTe compounds as a function of tem
perature for different compositionsx50.0035 ~1!, 0.01 ~2!, 0.02 ~3!, and
0.03 ~4!. The measurement frequency is 10 kHz.
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By analogy with the Cd12xMnxTe materials, we assum
that the defects with an activation energy ofDE150.38 eV
contain a single Fe atom, while those withDE250.14 eV
contain two Fe atoms.

In the Cd12xMnxTe materials, the displacement of M
atoms in the Cd sublattice is close to random. Thus, def
which contain two Mn atoms are predominant forx;0.50.
For x50.02 their probability of formation is smaller by mor
than a factor of 100.

In the Cd12xFexTe compounds, the change in the num
ber of Fe atoms included in the defects takes place m
more rapidly than in Cd12xMnxTe. This may mean that the
Fe atoms move in a correlated fashion in the Cd sublatt
and that even for small values of x,x>0.02, the dominant
defects are those containing two Fe atoms.

The tendency of Fe atoms to have a correlated disp
tion in the CdTe crystal lattice observed in the above stud
of DE may explain the low solubility of Fe atoms i
Cd12xFexTe materials, for which a single phase solid so
tion exists only up tox<0.05 ~Ref. 6!.

1P. W. Żukowski, A. Rodzik, and J. A. Szostak, Fiz. Tekh. Poluprovo
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FIG. 3. The permittivity~3, 4! and conductivity~1,2! as functions of mea-
surement frequency. Measurement temperature: 300 K~1,3! and 77 K~2,4!.
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The current-illumination characteristics of CdHgTe crystals with photoactive inclusions are
studied. It is shown that the specific features of the current-illumination characteristics in these
crystals, including experimentally observed superlinear segments, may be determined by
switching of the dominant recombination channels, the removal of recombination barriers, and
decreasing effective geometric dimensions of the inclusions associated with a reduction
in the diffusion displacement length as the nonequilibrium carrier lifetime is lowered. Experimental
data are presented, along with calculations based on a model of recombination fluxes in
different channels. ©1999 American Institute of Physics.@S1063-7826~99!00303-8#
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The shape of the current-illumination characteristics
photoconductors is determined mainly by the domin
mechanism for recombination and the parameters of the
ing pulse~the intensityI and timet imp).

1–3 However, that the
‘‘ideal’’ current-illumination characteristics for particula
dominant recombination mechanisms are not always
served experimentally. This applies, in particular, to crys
and layers of CdxHg12xTe (x50.2), where deviations from
the dependence with an exponent of 0.3 characteristic o
terband collisional recombination are often observed at
excitation levels:4,5 segments with other exponents, satu
tion regions, superlinear segments, etc.5,6 This may be re-
lated to the influence of fluctuations in the composition,
clusions of a second phase, grain boundaries, etc.7 This paper
is devoted to an experimental study and analysis of
current-illumination characteristics of homogeneous and
homogeneous CdHgTe crystals.

EXPERIMENTAL RESULTS AND DISCUSSION

We have studied CdHgTe crystals (x'0.2) with equilib-
rium carrier concentrationsn0'101421016 cm23 excited by
pulses from an Nd laser~wavelengthl'1.06mm, t imp'2
31028 s) at a temperatureT577 K. The nonequilibrium
charge carrier lifetimet was determined from the photoco
ductivity relaxation kinetics. The composition of the cryst
was monitored using an electron-probe x-ray spectral
croanalyzer~Camebax!, as well as the long wavelength ed
of the photoabsorption spectra. A typical distribution of
composition in inhomogeneous CdHgTe crystals is give
Ref. 7.

Figure 1 shows experimental current-illumination ch
acteristics for homogeneous CdHgTe crystals with differ
values ofn0 . They typically have several segments: line
~with a slope of;1), sublinear~a transition region with a
nearly linear slope of 0.3!, and saturation. The steady-sta
continuity equation for the interband collisional recombin
tion which predominates in crystalline CdHgTe (x50.2),
disregarding the diffusion and drift terms, is:
2781063-7826/99/33(3)/4/$15.00
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v211
, v5vn1g5

n0
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1

Dn
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, ~1a!

where J}I is the generation rate,tAi is t in the intrinsic
material, ni is the intrinsic carrier concentration,g is the
injection level, andvn is the doping level. Forn0.(123)
31014 cm23 andvn@1, we have

J5
ni

2tAi
g~vn

212vng1g2!. ~1b!

When t imp.t0 (t0 is the lifetime for a nonequilibrium
charge carrier concentrationDn!n0), a stationary regime
exists for arbitrary levels of excitation. Wheng,1, the sec-
ond and third terms in Eq.~1b! are small and the initial
segment of the current-illumination characteristic has a lin
dependence of the form logDn}logt01log I, which is dis-
placed relative to the coordinate origin by an amount logt0.
As the parameters of the material (x, n0) or the temperature

FIG. 1. Current-illumination characteristics of homogeneous CdHgTe c
tals (x'0.2). n0 (1015 cm23): 0.33 ~1!, 0.62~2!, 1.2 ~3!, and 2.7~4!. Uc is
the photoconductivity signal.
© 1999 American Institute of Physics
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T are varied,t0 changes accordingly and in the initial se
ment of the current-illumination characteristic a family
parallel straight lines displaced with respect to one anot
with the same slope, will be observed~Fig. 1! ~here the
recombination is linear!. For medium levels of excitation
(vn.g.1) the effect of the second term in Eq.~1b! be-
comes greater. Forg.(1/2)vn , t decreases with increasin
Dn (t}Dn21), and the current-illumination characterist
enters a sublinear, nearly quadratic, segment~for g<vn the
partial contribution of the third term in Eq.~1b! is less than
25%!. As the level of excitation is raised, the third term
Eq. ~1b! becomes predominant, the slope of the curre
illumination characteristic decreases and, for high excitat
levels (g.2vn), we have t }Dn22 and J}Dn23. Evi-
dently, the length on the I axis of the segments of
current-illumination characteristic with different slopes is d
termined by the relationship betweeng and vn . The slope
is ;1 for g,(1/2)vn , in a transition region~slope close
to 0.5! for (1/2)vn,g,2vn , and;0.3 for g.2vn . With
increasingvn ~and, therefore, decreasingt0), the transition
region into the sublinear segment is shifted toward hig
intensities.

Linear generation occurs fort imp !t0 ; i.e., in the initial
segment of the current-illumination characteristic a linear
pendence ofDn(I ) develops (logDn}log timp 1 log I) and its
displacement with respect to the origin is determined only
t imp . Note that the current-illumination characteristic can
tain its linearity even forDn.n0 , as long ast(Dn) remains
greater thant imp and with further increases inDn, t be-
comes shorter thant imp ; i.e, a stationary regime sets in an
the current-illumination characteristic enters a sublin
phase.

At very high excitation levels the current-illuminatio
characteristic saturates, perhaps as a result of a bolom
effect, i.e., a reduction in the thickness of the layer in wh
recombination takes place as the surface diffusion lengthLs

becomes shorter with increasingDn.5

Segments with other slopes of the current-illuminati
characteristic are observed in some crystals and layer
CdHgTe, including superlinear segments~Fig. 2! which may
result from other dominant recombination mechanisms or
effect of photoactive inclusions on the formation of t
current-illumination characteristic.

When Shockley–Read recombination predominates~in
the compensated or wider band (x.0.23) crystals,8–10! the
current-illumination characteristic can be described usin
model with recombination centers of two typesr ands which
are asymmetric in the capture coefficients for holesCp(r ,s)

and electronsCn(r ,s) .2 In the initial segment, whileDn still
does not change the electronNr0 and holePr0 concentrations
at ther centers significantly, recombination is monomolec
lar and the current-illumination characteristic is linear,tn

}(CnrPr0)21. For medium excitation levels, whenPr is
comparable toDn with Nr'const, recombination is bimo
lecular and the current-illumination characteristic enter
segment with a slope of 0.5, wheretn}(CnrDn)21. At high
excitation levels, whenNr decreases and hole filling of th
s-centers is significant, the contributiongr of the recombina-
tion flux through ther-centers becomes smaller and the yie
r,
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a

gs through thes-centers increases; the current-illuminatio
characteristic enters saturation~so-called optical charge ex
change takes place!, tn falls, and the photoconductivity satu
rates with increasingI . For further increases inI , whengs

.gran
21 (an5Cnr /Cns!1), the recombination flux is con

trolled by thes-centers and is bimolecular~for high concen-
trations of s-centers they are increasingly filling by hole
until the conditiontn5tp is satisfied and the photocondu
tivity is bipolar!.

The current-illumination characteristics of CdHgTe cry
tals with photoactive inclusions must be analyzed taking i
account the dominant recombination processes in the ma
(v) and inclusions (i ), as well as the possibility of thei
switching from one to the other at certain excitation lev
~for example, taking into account the growth, as the conc
tration of collisionally interacting carriersn increases, in the
probability of an interband collisionaleeh-process from
Shockley–Read for low concentrations ofr- ands-centers to
interband collisional!. Here for each mechanism a segme
with a characteristic variationDn(I ) may be realized. It is
also necessary to take into account the dependence onDn of
the ratiost i /tv of the lifetimes in the matrix and in the
inclusions, the recombination barriersErec,

11 the diffusion
displacement lengthLD , and other parameters, which ca
change the partial contributions of the recombination flux
in the matrix and inclusions to the effective lifetimeteff of
nonequilibrium charge carriers asDn increases.

Let us assume that in the matrix and inclusions reco
bination is determined by a single dominant mechanism,
terband collisional, but with different rates for this proce
which are attributable, for example, in the case of recom
nationally active inclusions, to a narrowing of the band g
Eg or ~and! an elevated concentrationn0 .

In the case of inclusions withEgi,Egv , teff is deter-
mined by the sum of the recombination fluxes in the mat
and the inclusions,

FIG. 2. Current-illumination characteristics of CdHgTe crystals (x'0.2)
with photoactive inclusions. The different curves correspond to differ
samples.Uc is the photoconductivity signal.
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teff5H ViNi

1

t i
1VDNi

1

tD
1

1

tv
@12~Vi1VD!Ni #J 21

,

~2!

whereVi andVD are the volumes of the inclusions and of th
diffusion regions associated with them, respectively. F
spherical inclusions Vi5(4/3)pr c

3 and VD'4p(r c

1L/2)2L, wherer c is the average radius of the inclusion
Ni is the concentration of inclusions;L'LD5(Dt)1/2 for
r c.LD andL5(r cLD)1/2 for r c,LD ,12 whereD is the dif-
fusion coefficient (;4 cm2/s), andtD't i .

Figure 3a shows families of current-illumination chara
teristics calculated using Eq.~2! for CdHgTe crystals with
inclusions that haveEgi,Egv and concentrationsNi50
2106 cm23 for n05331014 cm23, r c51023 cm, and t i

51028 s. WhileDn is small,tv and thereforeLD are inde-
pendent ofDn and the current-illumination characteristic i
linear with a slope of 1. AsDn increases,tv and LD and,
therefore, the effective volumeVi1VD of the inclusions de-
crease~the second term in Eq.~2! approaches zero!, the crys-
tal becomes ‘‘light sensitive,’’ and the current-illuminatio
characteristic enters a superlinear segment. With further
creases inDn, the ratio of the volumes of the matrix an
inclusions stabilizes and the current-illumination character
tic enters a segment with a slope of 1/3. Note that with
creasingDn, tv→t i , but for inclusions withxi,xv and for
large Dn, the inequalityt i,tv is maintained7,8 and the in-
clusions remain recombinationally active. For a more ex
analysis, in Eq.~2! it is necessary to take into account th
quasielectric ‘‘constricting’’ field of the variable-gap region
~which can be done by replacingLD with the diffusion-drift
lengthsL1, L2),1 as well as the different doping levels in
the host and inclusions.

FIG. 3. Calculated current-illumination characteristics for CdHgTe cryst
(x'0.2) with n05331014 cm23 for concentrationsNi (cm23) of inclu-
sions: 0~1!, 103 ~2!, 104 ~3!, 105 ~4!, 33105 ~5!, 106 ~6!. Explanations are
in the text.
r

-

n-

-
-

ct

In the case of inclusions withn0i.n0v , the lifetimes in
the host and inclusions satisfy the conditionstv}nv

22 and
t i}ni

22 , respectively. In the diffusion regions at the matri
inclusion boundaries, recombination barriers11 Erec partici-
pate in recombination. Although these barriers increasetD

compared tot i , calculations show that they leave these
gions recombinationally with respect to the host. In this ca

teff5H ViNi

1

t i
1VDNi

1

t i exp~Erec/kT!

1
1

tv
@12~Vi1VD!Ni #J 21

, ~3!

where uErecu5kT ln(ni /nv)5kT ln$(n0i1Dn)/(n0v1Dn)% and
Erec→0 with increasingDn.

Figure 3b shows families of current-illumination chara
teristics calculated using Eq.~3! for CdHgTe crystals with
these kinds of inclusions at concentrationsNi50
2106 cm23 for the following parameters: n0v53
31014 cm23, r c51023 cm, andn0i5331016 cm23. There
is no superlinear segment of the current-illumination char
teristics in this case, since the reduction inLD with increas-
ing Dn is compensated by a reduction in, and then the co
plete elimination of, the recombination barriers. The carr
concentration in the matrix equilibrates andNi also de-
creases, primarily because of inclusions with small dev
tions of n0i from n0v . For Dn'n0i'n0v and Erec50, it
turns out thattv5t i and the crystal becomes recombinatio
ally homogeneous with an exponent of;0.3 in the current-
illumination characteristic. These inclusions affect t
current-illumination characteristic only in the impurity con
duction region; asT is increased and a transition into th
intrinsic conduction region takes place, the concentration
free carriers equilibrates over the sample, the inclusions
appear, and the current-illumination characteristic take
form similar to that shown in Fig. 1.

The picture becomes more complicated when both ty
of inclusions are present, as well as when there are diffe
mechanisms for recombination in the matrix and in the
clusions, such as Shockley–Read recombination with sev
types of recombination levels and interband recombinati
collisional or~and! radiative, as is typical of most wide-ban
semiconductors.2 In this case, their partial contribution to th
overall recombination process in the crystal asDn increases
~and, accordingly,LD andErec decrease! may change within
certain ranges ofI , and the shape of the current-illuminatio
characteristic will be determined by the exponents that
characteristic of these mechanisms; this is often observe
inhomogeneous and polycrystalline semiconductors.5,7,13,14

1S. M. Ryvkin, Photoelectric Phenomena in Semiconductors@in Russian#,
Nauka, Moscow~1963!.

2V. E. Lashkarev, A. V. Lyubchenko, and M. S. Sheı˘nkman,Nonequilib-
rium Processes in Photoconductors@in Russian#, Nauk. dumka, Kiev
~1981!.
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Temperature dependences of the photoconducitivty of CdHgTe crystals with
photoactive inclusions

A. I. Vlasenko and Z. K. Vlasenko
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The temperature dependences of the lifetime and photoconductivity spectral characteristics of
CdxHg12xTe (x50.2) crystals with photoactive inclusions have been studied. It is shown
that theN-shaped temperature variation in the effective lifetime in inhomogeneous crystals, in
particular, its sharp temperature activation in the region of the transition from impurity
to intrinsic conductivity, is determined by an interband collisional process with recombinationally
active regions whose effective geometric sizes change as the temperature is raised, rather
than by a Shockley-Read mechanism. The smoothing out of the nonmonotonicity in the
photoconductivity spectral characteristics in the fundamental absorption region during
heating is explained in terms of this model. Calculations in qualitative agreement with the
experimental data are presented. ©1999 American Institute of Physics.
@S1063-7826~99!00403-2#
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The functional parameters of semiconducting mater
are extremely sensitive to their degree of structural per
tion. This is true to a great extent for semiconducting so
solutions characterized by a developed system of point
extended defects, in particular, CdxHg12xTe. It has been
shown1–4 that fluctuations in the composition, inclusions of
second phase~especially Te!, and small angle walls lowe
the photosensitivity and affect the electrical properties of
crystals.5–7 Nevertheless, a number of questions relating
the behavior of the photoconductivity in inhomogeneo
CdxHg12xTe crystals, in particular, its temperature chara
teristics, require further experimental study and theoret
analysis. This paper is devoted to a study of the tempera
dependence of the photoconductivity in these crystals.

EXPERIMENTAL RESULTS AND DISCUSSION

We have studied CdHgTe crystals withx'0.1920.21
and equilibrium carrier concentrationsn0'33101426
31015 cm23. The concentration and mobility (mH) were
measured by the Hall method in weak magnetic fields. T
spectral dependences of the photoconductivity in the ste
state were studied for wavelengthsl52215mm. The effec-
tive nonequilibrium charge carrier lifetimeteff was estimated
from the photoconductivity relaxation curves~according to
the segments with the largest partial amplitude! excited by
CO2 laser pulses (l510.6mm! ~at temperatures where th
band gapEg,0.117 eV! and GaAs laser pulses (l50.9mm!
~at temperatures where the crystal becomes transparen
insensitive to CO2 laser light; the correctness of the attrib
tion of theteff measured in this way to the bulk lifetimes h
been discussed elsewhere.8,9 The measurements were ma
at temperaturesT5772300 K. The amounts of the principa
components~Cd, Hg, Te! in the crystals and their deviation
from the matrix proportions were monitored by electro
probe x-ray microanalysis~Camebax!, as well as from the
2821063-7826/99/33(3)/4/$15.00
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long-wavelength peak of the spectral photoconductiv
characteristics. We have published typical spatial distri
tions of the compositions of the components of these crys
elsewhere.1,2 The measurement samples were prepared
traditional methods.8

Figure 1 shows the temperature curvesteff(T) for crys-
tals (x'0.2, n0'131015 cm23) with narrow-gap inclu-
sions. Also shown here are the calculated lifetimet(T) for
interband collisional recombination~dashed curve! and ex-
perimental data for a uniform crystal (1A). Most crystals of
this type are characterized by a nonexponential depend
or one with several exponents, including long-lived comp
nents~up to 500ms! in a number of cases, in the photoco
ductivity relaxation curves, a substantial reduction inteff ,
and a deviation of their temperature and concentration
pendences from the theoretical curves~for the interband col-
lisional recombination mechanism that predominates in th
crystals!. This behavior may be indicative of the presence
effective recombination sinks in the host that getter noneq
librium charge carriers from the volume of the host.1 In the
teff(T) curves with increasingT there is typically a reduction
in the lifetime in the impurity conduction region, activatio
in the transition region, and then a sharp drop in the intrin
conduction region~curves1–4!. In some crystals, in the im
purity conduction region only a smooth fall in the lifetime
observed~curve 5!. In the intrinsic conduction region a de
viation of theteff(T) curve from the theory is often observe
for this matrix composition.

Figure 2 shows the spectral dependence of the photo
ductivty of sample 4 at several fixed temperatures in
interval T5772300 K. The absence of a distinct intrins
photoconductivity peak and the spreading out of the lo
wavelength edge are, as a rule, characteristic of crystals
narrow-gap inclusions, and the peaks in the fundamental
sorption region atl5325mm and the sharp increase i
© 1999 American Institute of Physics
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photoconductivity forl,2mm are caused by the presence
this crystal of Te inclusions and of regions in th
CdxHg12xTe which are enriched in CdTe, as confirmed
x-ray spectral analysis data.

The inset in Fig. 2 shows the temperature variation in
steady-state photoconductivity signal (Uc) for this crystal for
fixed excitation wavelengths. Note the qualitative correlat
between the teff(T) ~Fig. 1, curve 4! and Uc(T)
}t(T)mH(T) curves. The retention of the characteristic fe
tures ofUc(T) and, accordingly,t(T) @considering the al-
most linear dependence2 of mH(T) for theseT# during illu-
mination at different wavelengths and, therefore,
different thicknessesb'1/k1LD ~wherek is the absorption
coefficient! of the photoactive layer, is significant. Fo
l'1.5mm the depth at which nonequilibrium charge car
ers are generated isk21'1 mm, for l55.3mm, k21

'10mm, and forl58 mm, k21'302100mm.11 Since the
diffusion displacement lengthLD5(Dt)1/2 ~whereD is the
diffusion coefficient for the nonequilibrium charge carrier!
is less than 10mm for these crystals@note that for surface
excitation (l51.5mm!, the effective diffusion lengthLs

,LD ~Ref. 10!#, we may conclude that the generatio
recombination processes in the different layers of the cry
are the same in nature. The small difference betweenUc(T)

FIG. 1. The effective nonequilibrium charge carrier lifetimeteff as a func-
tion of temperature for CdxHg12xTe crystals:~1A! uniform sample with
n05131015 cm23; ~1–5! samples with narrow band inclusions wit
n05(1015 cm23) 0.8 ~1!, 1.0 ~2!, 1.2 ~3!, 2.0 ~4!, 1.4 ~5!. The dashed curve
is tv(T) calculated using Eq.~2! for interband collisional recombination
with n05131015 cm23. The numbers on the curves correspond to
sample numbers.
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for surface excitation (l51.5mm! ~the inset in Fig. 3, curve
3! and the volume curves~curves1 and2! may be indicative
of somewhat different parameters for interband Auger
combination in the skin layer of the sample.9,10

The influence of inclusions on the photosensitivity of t
crystal is determined by their concentrationNi and sizer c ,
as well as by the types of nonequilibrium charge carrier g
eration (Gv,i) and recombination (tv,i

21) ~the subscriptsi and
v refer to the inclusions and host!. The more the ratio of the
concentrations of nonequilibrium charge carriers in the inc
sions and the matrix,Git i /Gvtv , differs from unity, the
more the inclusions will affect the photosensitivity.

For calculating the effect of photoactive regions onteff

in a crystal we shall use the combined rates of recombina
in the host and inclusions,

teff5F(
k

VikNik~t ik
212tv

21!2tv
21G21

, ~1!

whereVi is the volume of an inclusion@for spherical inclu-
sionsVik5(4/3)p(r ck1Leff)

3#, the subscriptk characterizes
a set of inclusions with the same parametersr ck , t ik ,
and Nik ; Leff'LD for r c.LD and Leff5Ar cLD for r c,LD

~Ref. 3!.
We analyze theteff(T) curves further in the approxima

tion of spherical island narrow-band inclusions w
t i,tv . We note the following circumstance: from the stan

FIG. 2. Spectral characteristics of the photoconductivity of sample 4~see
Fig. 1!. TemperatureT ~K!: 85 ~1!, 100 ~2!, 115 ~3!, 130 ~4!, 185 ~5!, 300
~6!. The inset shows the temperature variations in the photoconductivityUc

for light with l58 ~1!, 5.3 ~2!, 1.5 mm ~3!.
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point of its effect on the photosensitivity of an inhomog
neous crystal, the lifetimetv plays a double role. When i
increases, on one hand, the photosensitivity of the ma
material rises and, on the other,LD5ADtv and, therefore,
the effective geometric sizes of the inclusions increase,
for recombinationally active inclusions this acts in the opp
site direction, i.e., toward reducing the photosensitivity~1! of
the sample. Whentv decreases, conversely, the photosen
tivity of the material drops, but recombinationally active i
clusions have a greater effect on it, which may, on the wh
cause ‘‘photosensitizing’’ of the sample. In theUc(T) and
teff(T) curves in the impurity conduction region, this leads
features associated with the specifictv(T) dependences fo
the interband collisional recombination which predomina
in CdxHg12xTe with x50.2. To this recombination we mus
first attribute the activation oftv with increasingT in the
impurity conduction region associated with a positive te
perature coefficienta for the variation inEg for x<0.5 and,
therefore, with a drop in the rate of the Auger process fo
constantn0.8 The expression fortv in ann-type material can
be written in the form

tv5
2tAi

nn
211

, nn5
n0

ni
.1, ~2!

wheretAi is the lifetime in the intrinsic material,ni is the
intrinsic carrier concentration, andnn reflects the level of
doping of the material.

In the impurity conduction region (n0' const!, tv(T)
}ni

2tAi , and after substituting the functionstAi(T) ~Ref. 8!
andni(T) ~Ref. 12! for tv andLD , we obtain

tv}T3/2Eg
25T3/2~Eg01aT!2, ~3a!

FIG. 3. teff calculated using Eq.~1! for crystals with recombinationally
active inclusions. The computational parameters of the matrix and in
sions arexv50.21, n05331014 cm23, xi50.16, andr c51023 cm. Ni

(cm23): 0 ~1!, 102 ~2!, 33102 ~3!, 103 ~4!, 33103 ~5!, 104 ~6!, 33104 ~7!,
105 ~8!, 33105 ~9!, 106 ~10!.
ix

ut
-

i-

e,

s

-

a

and

LD;@~kT/e!mDtv#1/2;T5/4~Eg01aT!, ~3b!

whereEg0 is the value ofEg asT→0, andmD is the bipolar
diffusion mobility.

For n-type material, the ratio of the electron and ho
mobilities, b5mn /mp@1 ~in CdHgTe with x'0.2 and
b'100) in the impurity and intrinsic conductivity region
andmD5(11nn

22)mp . Thus, the temperature dependence
mD is weak for nn@1 ~impurity conductivity! and down
to nn51 ~intrinsic conductivity! mD varies in the range
(122)mp @according to different data,mp530021000
cm2/ ~V•s!#.

Equation~3! implies thattv increases with risingT with
a power-law dependencet}Tl ( l .3/2). As the temperature
is raised, thetv(T) for differentn0 approach the dependenc
tAi(T), since nn→1 @~Eq. ~2!#. Here the transition to the
tAi(T) curve shifts to higher temperatures with increasi
n0. The dependenceLD(T) is weaker, but, sinceteff}Vi

21

}(LD)23 @for t i!tv , see Eq.~1!# in a crystal with recom-
binationally active inclusions, for the temperature depe
dence of the photosensitivity in crystals with large conce
trations or dimensions we have

teff~T!}tv~T!T25.25~Eg01aT!25}T23.75~Eg01aT!23.
~4!

Therefore, a strong temperature dependence of the effec
dimensions of the inclusions is imposed on the tempera
variationtv(T) and, despite an increase intv in this region,
teff and, therefore, the sensitivity of the crystal may decrea
Experimentally, this is confirmed by the curvesteff(T) and
Uc(T) shown in Fig. 1 and in the inset in Fig. 2~in the
temperature rangeT577290 K!. We emphasize thatteff in
Eq. ~4! has been calculated fort i!tv and for large inclusion
sizes (r c.LD). For r c,LD , as noted above, the quantu
effect for Leff must be taken into account, so that the te
perature variation is asteff(T)}T23.4(Eg01aT)23.5. For the
cases of other inclusions with other geometries~characteris-
tic of dislocations, low angle walls, etc.!, these dependence
are different. The geometry of the recombinationally act
regions can apparently be judged from the character of th
dependences. With further increases inT in the transition
region vn→1, tv decreases and approachestAi , LD de-
creases andteff increases@see Fig. 1~curves1–4! and the
inset in Fig. 2 (T5902110 K!#. It should be noted that the
power-law dependences forteff(T) can be treated as expo
nential with different characteristic activation energiesEa

within this narrow temperature interval and interpreted as
participation of a Shockley-Read channel in recombinat
through local centers at depthEa . This evidently is the cause
of the wide scatter in published estimates of the depth of
recombination levels determined from the activation ene
for the lifetime in this region.

If the inclusions are associated with fluctuations in t
doping, then their sizes and concentration decrease with
ing T, since the concentration of the majority carriers flatte
out over the volume. Regions with elevatedn0i lose the re-
combinational activity relative to the host (t}n0

22). Accord-
ing to Eq.~1!, teff→tv not only because of a reduction inLD

-
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and the recombination barriersErec that are available in this
case,13 but also because of a reduction in the concentra
Ni of the inclusions themselves, primarily through inclusio
with small deviations in doping level from the host. He
teff(T) becomes even steeper. With further increases iT
and the transition into the intrinsic conductivity region,tv
approachestAi and decreases sharply, i.e.,teff→tv→tAi

@see Fig. 1 and the inset in Fig. 2 (T.130 K!#. It should be
noted that for certain concentrations~above critical! and
sizes of the inclusions, which are attributablle to fluctuatio
in composition, thetvAi(T) andteff(T) curves may not co-
incide in this region andteff will be determined by the re
combination parameters of the inclusions, rather than th
of the host.

These remarks make clear the relative smoothing ou
a rule, of the nonmonotonic spectral characteristics of
photoconductivity in the strong absorption region duri
heating~Fig. 2!. In fact, if variable gaps are absent, we ha

tv

t i
5

vni
2 11

vnv
2 11

511
vni

2 2vnv
2

vnv
2 11

; vni5
n0i

ni
. ~5!

With increasingT and the transition into the intrinsic con
ductivity region (vni ,vnv→1), the quantitiestv and t i ap-
proach one another, which causes a relative sensitizin
short wavelengths during heating. Small fluctuations in
spectral characteristics are preserved if the inclusions are
sociated with fluctuations in the composition, e.g.,xi:xv
and their lifetime differs from the host value in the intrins
conductivity region, as well. Note that the spectral shift
the peaks in the fundamental absorption region varies wiT
in a slightly different way than the main peak because of
different temperature coefficientsa for the host and becaus
of the various inclusions.

Figure 3 shows the temperature dependencesteff(T) cal-
on
s
e

s

se

as
he
g
e

at
e
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f

e

culated using Eq.~1! for CdxHg12xTe crystals (x50.21)
with n05331014 cm23 and different concentrations of in
clusions,Ni (r c51023 cm andxi50.16), including the tem
perature variations oftv , t i , Leff , andmD . As Ni increases
the degree to which the inclusions affectteff and the non-
monotonicN-shaped character ofteff(T) become greater. W
note the satisfactory agreement between the calculation
the experimental data, which may support the validity of
model for the temperature dependence of the photocon
tivity of crystals with photoactive inclusions.
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Raman scattering spectroscopy of Zn 12xCdxSe films grown on GaAs substrates
by molecular-beam epitaxy
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Data from the first measurements of the Raman scattering spectra of Zn12xCdxSe (x5020.55)
films grown on GaAs substrates by molecular-beam epitaxy are presented. An analysis of
the experimental spectra shows that in the Zn12xCdxSe system studied here there is a single-
mode realignment of the vibrational spectrum with composition. ©1999 American
Institute of Physics.@S1063-7826~99!00503-7#
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The recently renewed interest in semiconductor solid
lutions ~alloys! is attributable to their widespread use in cr
ating quantum-well structures and microelectronic devic
Special attention has been focused on the study of alloy
the form of thin epitaxial layers which form the basis
quantum wells and superlattices. Here the problem arise
whether it is correct to transfer the properties of a bulk m
terial, especially an alloy, to thin layers. Usually it is a
sumed, without any special justification, that these proper
are identical. It has been shown, however,1 that the rear-
rangement of the phonon spectrum in CdZnTe films as
concentrations of the components are varied is different fr
the realignment in such bulk crystals.

Modern applications associated with the creation of
tegrated optoelectronic devices require the growth of films
II-VI compounds on a suitable material, such as GaAs,
this type of integration. In this case, however, a mismatch
the lattice parameters gives rise to elastic stresses w
change the physical properties of the film.

There is some interest in studying the dynamics of
crystal lattice of Zn12xCdxSe films. Structures with quantum
wells2 and quantum dots3,4 have been created and studi
using thin films of this alloy. Efficient emitters of blue ligh
based on structures of this type can be created. However
properties of this alloy~in contrast with other alloys of II-VI
compounds that have been studied extrensively! have not
been studied adequately. There is a paper by Brafman5 on the
Raman scattering spectra of bulk ZnCdSe crystals in whic
was proposed that this system exhibits single-mode beha

As far as we know, there are no published papers on
optical Raman scattering spectrum of epitaxial ZnCd
films. In this paper we present the first data on measurem
of Raman scattering on phonons for epitaxial films
Zn12xCdxSe (0<x<0.55) which we have grown by
molecular-beam epitaxy on GaAs substrates. The analy
shape of the Raman scattering lines confirms the high de
of crystallinity of these films. Brafman’s hypothesis5 that this
is a single-mode system is confirmed.

Heteroepitaxial layers of ZnCdSe on GaAs were o
tained by molecular-beam epitaxy on a Katun’ syst
supplemented by an ion pressure gauge for monitoring
2861063-7826/99/33(3)/3/$15.00
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intensity of the molecular beams and an electron Auger sp
trometer. The base pressure in the apparatus was 1028 Pa.
An installed fast electron diffractometer was used to mon
the cleanliness of the substrate before epitaxy and the nu
ation and growth of the epitaxial film.

Epitaxy was carried out on chromium compensated s
strates of~111!-oriented gallium arsenide with a 3° disorien
tation to the$110% direction by evaporating special high
purity ~6N! Zn, Cd, and Se from individual molecula
sources. The substrate surface was cleaned of the na
oxides by heating in vacuum at 580° in the absence of s
nium or zinc vapor.

The samples were grown at a substrate temperatur
280–320 °C with a ratio of the equivalent pressures of
molecular selenium beam to the total pressure of the zinc
cadmium molecular beams close to 2. This ensures the
pearance on the surface of a superstructure consisting
mixture of (132) andc(232) reconstructions and growt
under close to stoichiometric conditions. Here the epita
temperature was lowered in the range indicated above as
cadmium content of the grown films increased. The thickn
of the grown films was 1–2mm. The rate of growth of the
films was held at 1mm/h. The composition of the grown
epitaxial films was monitored using the ratio of the inten
ties of theLMM-lines of the Auger transitions of Zn and S
as well as using cathodoluminescence spectra.

Optical Raman scattering spectra were taken on
U-1000 spectrometer in a backscatter geometry with exc
tion by several lines of Kr and Ar21 lasers. The resolution
was 1 cm21.

Some typical Raman scattering spectra for epitax
Zn12xCdxSe films grown on GaAs substrates, taken in
backscatter geometry with excitation by the 4880-Å line
room temperature, are shown in Fig. 1. Forx50, i.e., for
pure ZnSe, the spectrum contains three scattering lines.
high-frequency line at 293 cm21 is associated with an LO
mode of GaAs. It appears because the zinc selenide film
partially transparent to the probe light. This line can still
seen for a composition withx50.09, but at higher Cd con
centrations (x50.39), when the gap is narrower, and th
film is therefore less transparent, it vanishes. The high
© 1999 American Institute of Physics
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intensity in the spectrum forx50 is the line at 253.5 cm21

due to scattering on LO-vibrations of ZnSe. The weak ba
at 206 cm21 is apparently associated with the TO-mode
ZnSe. The observed frequencies of the LO- and TO-mod
are the same as those obtained for bulk crystals of Zn
This indicates that there are no noticeable elastic stres
which would change the phonon frequencies. It should
noted that the observation of the TO-mode in the bac
scattering spectrum from the~100! surface of the ZnSe film
contradicts the selection rules which predict the appeara
of only LO-modes. Clearly, the TO-mode is activated b
cause of a violation of the selection rules due to the dist
tion of the crystal structure at the film-substrate interfac
This can also explain the disappearance of the TO-band
cause of the use of narrower-band compositions when
film is opaque for the probe laser line and the interface is
longer a factor.

As Fig. 1 shows, when the Cd content of the alloy
increased, the intensity of the Raman scattering bands
creases, probably because of a reduction in the effec
thickness of the excited layer. Thus, in order to increase
intensity of the scattered lines we took spectra of films e
riched in Cd using the red 6471-Å line of a krypton lase
~Fig. 2!. The LO-bands clearly show up more distinctly. I
addition, narrow lines of a gaseous plasma can be seen in
spectra; this circumstance facilitates a more accurate de
mination of the frequency shifts of the phonons as functio
of the alloy composition.

An analysis of these spectra for films of alloys wit
0<x<0.55 ~Figs. 1 and 2! shows that the frequency of the
LO-mode shifts smoothly to lower energies asx is increased,
going to 237 cm21 for x50.55. We did not observe splitting
of the LO-band into two peaks localized near ZnSe- a
CdSe-like vibrations for any of the compositions. This ind
cates that the crystal lattice dynamics of Zn12xCdxSe films is
characterized by a single-mode realignment of the phon
spectrum. This conclusion becomes even more evident if
consider the plot of the frequency of the LO-phonons as
function of x, shown in Fig. 3.

FIG. 1. First-order Raman scattering spectra for Zn12xCdxSe films excited
by the 4880-Å line.x: 0 ~1!, 0.09 ~2!, 0.14 ~3!, 0.38 ~4!, and 0.55~5!.
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We have also analyzed the shape of the optical Ram
phonon scattering lines using a computer program. T
analysis showed that the LO-phonon Raman scattering ba
have a mostly Lorentz shape, and that the half-width of
bands is less than 10– 12 cm21. This last point indicates tha
the films which we grew had a high degree of crystallinit

The single-mode behavior which we have observed
the epitaxial layers of ZnCdSe is extremely unusual for se
conducting alloys of II-VI compounds. From the standpo
of the existing criteria, the character of the realignment
this system is ambiguous. Thus, the classical criterion6 pre-
dicts single-mode behavior for this system. A more mod
criterion based on the discussion by Chang and Mitra7 and
reformulated for phonons in substitution solid solutions8 pre-
dicts a two-mode realignment for the ZnCdSe system. A
cording to this criterion, two-mode realignment occurs
~AB!C alloys when the vibrational perturbation energy pr
duced as a result of replacing an A atom by a B atom is
greater than the vibrational energy of the interactions of
atoms in the AC lattice. In other words, the following in

FIG. 2. Raman scattering spectra of Zn12xCdxSe films excited by the
6471-Å line.x: 0.11 ~1!, 0.22 ~2!, 0.32 ~3!, and 0.55~4!. The intense lines
near 233 cm21 belong to the gas-discharge plasma of the Kr laser.

FIG. 3. The frequencyvLO of LO-phonons plotted as a function of the C
contentx in Zn12xCdxSe films.
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equality must be satisfied:DmV3.K, whereDm is the mass
defect,V is the frequency of the local mode, andK – the
strength constant – can be determined from the form
K5(2vTO

2 12vLO
2 )M /3, whereM is the reduced mass. W

can then express the criterion for a two-mode realignmen
follows:

P[
Dm

M

3V

2vTO
2 1vLO

2
>1. ~1!

Substituting into Eq.~1! the masses of the Zn, Cd, an
Se atoms and the frequencies of the TO- and LO-phonon
CdSe,vTO5169 cm21 andvLO5211 cm21, and assuming
the frequency of the local vibrations to be equal to the ma
mum frequency of the allowed phonon spectrum,V5vLO

~the local mode of Zn in CdSe was not observed!, we obtain
P51.368.1, which indicates a two-mode realignment a
contradicts our observations. This may be explained by
fact that the changes in the strength constants resulting
substitution in the alloy have been disregarded in deriv
the criterion. Therefore, this criterion is an approximation
la
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Optical and photoelectric properties of Zn 12xFexTe crystals
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The optical and photoelectric properties of the new van Fleck semimagnetic semiconductors
Zn12xFexTe (x<0.046) are studied for the first time. The structure of the long-wavelength
absorption edge and of the photovoltaic current spectrum is found to be caused by
photoionization transitions involving various charge states of Fe (Fe1, Fe21, and Fe31). The
concentration dependence of the free exciton energy is determined, as well as the
locations of the ground states of the Fe21 (Ev10.44 eV) and Fe1 (Ec20.28 eV) ions. It is
noted that the maximum solubility of Fe atoms in ZnTe is determined by FeTe cluster formation.
© 1999 American Institute of Physics.@S1063-7826~99!00603-1#
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Substitution solid solutions, one component of which
the magnetic Fe21 ion, are van Fleck semimagnetic semico
ductors. In the case of the semiconducting II–VI compoun
Fe atoms displace cation sites. It should be noted that, c
pared to semimagnetic semiconductors, in which Mn21 ions
are the magnetic component, the solubility of Fe atoms
substantially lower in the above group of semiconducto
Thus, in the case of the selenides, it is about 15% and for
tellurides, no more than 5%.1 Thus far, Cd12xFexSe crystals
have been studied most extensively. As for the tellurid
only a few papers on various physical properties of
semimagnetic semiconductor Cd12xFexTe have been
published.2–4 Of these Ref. 3 is the most complete from t
standpoint of studies of the physical properties. As far as
know, only one paper has been published on Zn12xFexTe
crystals and it dealt with their magnetic properties.5

Our goal in this study was to use data on the optical a
photoelectric properties of the semimagnetic semiconduc
Zn12xFexTe in order to obtain information on the introdu
tion of Fe atoms into the ZnTe crystal lattice, on the form
tion of substitution solid solutions, on how Fe atoms affe
the energy structure of ZnTe, and, primarily, on the positio
of the Fe21 and Fe1 ions relative to the energy bands of th
crystal.

The Zn12xFexTe (x<0.046) crystals studied here we
grown by the Bridgman method. The concentration of
atoms was determined more accurately using an MS
x-ray microanalyzer.

The optical spectra were studied using a KSVU-6 sp
tral system. The measurements at low temperatures w
conducted using an UTREKS system, which makes it p
sible to stabilize the temperature within60.01 K.

The photovoltaic current measurements were made w
a V7-30 voltmeter-electrometer. Samples in the form
plane-parallel slabs with thicknesses of 3–5 mm were u
for these measurements. Annular contacts were deposite
2891063-7826/99/33(3)/4/$15.00
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soldering indium on the natural cleavage surfaces of
crystals and tested for resistance by measuring their curr
voltage characteristics. Prior to the photovoltaic current m
surements the samples were heated to a temperature of 3
and slowly~over 2 h! cooled in darkness while shorted ou
The photovoltaic current spectra were normalized to
same amount of incident photons.

Information on the band~energy! structure of the semi-
conductors and its variation as a result of the formation
substitution solid solutions can be obtained from lo
temperature measurements of the exciton reflection and
sorption spectra in the neighborhood of the intrinsic abso
tion edge, since these spectra are extremely sensitiv
various defects in the crystal lattice~disordering, impurities,
intrinsic defects!.

The data on the exciton reflection spectra indicate
existence of shift to shorter wavelengths in the energies
the characteristic bands which is associated with the for
tion of Zn12xFexTe substitution solid solutions and has be
observed previously for crystalline Cd12xFexTe.2 Figure 1
shows a plot of the energy of the exciton reflection ba
(Eexc) of Zn12xFexTe as a function of the Fe concentratio
(x). The experimental points are well fit by the straight lin

Eexc~x!5E~0!11.0x ~eV!, ~1!

whereE(0) gives the location of the exciton reflection ban
of ZnTe that was not specially doped. The observed sca
in the points is caused by a nonuniform distribution of
atoms over the crystal ingot, especially at high concen
tions ~about 4%!, which is apparently close to the maximu
solubility of Fe in crystalline ZnTe. This is also indicated b
a substantial broadening of the exciton reflection bands:
x50.008 the half-width of the exciton band is twice that f
pure ZnTe, while forx50.046 the width has increased b
more than a factor of 4. This broadening is related to
nonuniform distribution of the Fe atoms and to the formati
of clusters involving Fe. Thus, for crystals withx50.046,
© 1999 American Institute of Physics
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x-ray microprobe analysis~area 233mm3) revealed cluster
formations involving Fe and Te atoms with dimensions
150350mm. In these inclusions the Fe atom content w
about 30 wt. %, which may indicate that FeTe clusters h
developed. Evidently, the formation of clusters of this ty
limits the maximum solubility of Fe atoms in the grou
II–VI tellurides.

Figure 2 shows absorption spectra of Zn12xFexTe crys-
tals with different concentrations of Fe measured
T54.2 K. Besides the absorption edge, which in the ran
of measured absorption coefficients (k,250 cm21) shifts to
longer wavelengths as the Fe atom concentration is raise
impurity absorption band can be seen with an energy pea
E51.31 eV. The intensity of this band increases as the
concentration is raised. An analogous band has been
served previously for Cd12xFexTe crystals.2 This band
corresponds6 to intracenter transitions between the grou
5E(5D) state and the3T1(3H) excited state of Fe21 ions.
The structure observed at the long wavelength edge of
band is caused by an electronic-vibrational interaction

FIG. 1. Energy location of the exciton reflection band,Eexc, as a function of
the Fe concentration in Zn12xFexTe crystals atT54.2 K. The straight line
corresponds to Eq.~1!.

FIG. 2. Optical absorption spectra of Zn12xFexTe crystals atT54.2 K.
Curves1-6 correspond tox50, 0.001, 0.0027, 0.008, 0.030, and 0.046.
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volving vibrations with different energies~frequencies of 35
and 125 cm21). Vibrations at these frequencies have be
observed before in studies of intracenter absorption by C21

ions7 and Mn21 ions8 in crystalline ZnTe. The shape of thes
bands is indicative of the presence of a strong electro
vibrational interaction for these intracenter transitions, a
also indicates that the excited3T1(3H) state lies in the band
gap of the crystal, in contrast with the semimagnetic se
conductor Cd12xFexTe.2

The long-wavelength shift of the absorption edge in t
measured range of absorption coefficients~Fig. 2!, as well as
the fact that structure has the form of steps whose inten
increases as the Fe atom concentration is raised, indicate
this absorption involves Fe ions. The shape of the absorp
spectra suggests that it may originate from photoionizati
In order to establish the nature of the observed absorpt
we have measured photovoltaic current spectra, some
amples of which are shown in Fig. 3 for Zn12xFexTe with
different concentrations of Fe. At the lower concentrati
(x50.0027, curve1! the photovoltaic current spectrum con
tains two intense bands of positive polarity located
E151.94 eV andE251.70 eV. It should be noted that th
polarity of the photovoltaic current was determined by t
sign of the charge in the front~illuminated! surface of the
test sample and was opposite to the sign of the excited
riers. Thus, it should be assumed that the shorter wavele
photovoltaic current band corresponds to a photoioniza
transition from the ground5E(5D)-state of the Fe21 ion into
the conduction band. This hypothesis is in fairly good agr
ment with the location of the levels of these ions in II–V
group semiconductors in terms of a diagram showing
location of the energy bands of different crystals with resp
to the vacuum level.9 In fact, in such a diagram the location
of the valence bands for CdTe and ZnTe crystals are
same. Thus, the difference in the location of the ground s
of the Fe21 ion relative to the conduction band should co
respond roughly to the difference in the gap widths of cr
talline CdTe and ZnTe. Since the donor photoionization
ergy of Fe21 ions is 1.08 eV for Cd12xFexTe crystals, the
value obtained here for Zn Fe Te (E 51.94 eV) is in

FIG. 3. Photovoltaic current (I ) spectra of Zn12xFexTe crystals at
T577 K. Curves1 and2 correspond tox50.0027 and 0.008.
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fairly good agreement with that expected according to
scheme. Thus, the positive polarity band with its ene
E151.94 eV can be attributed to the following photoioniz
tion transition:

Fe21@5E~5D !#1\v→Fe311e, ~2!

where\v51.94 eV. Thus, the ground state of Fe21 lies in
the gap of crystalline ZnTe atEv10.44 eV. The photovol
taic current band with energyE251.70 eV may correspon
to a photoionization transition from the excite
5T2(5D)-state, consistent with the energy location of t
level with respect to the ground5E(5D)-state. Therefore, fo
CdTe:Fe crystals, it is;0.25 eV~Ref. 10!; i.e., the follow-
ing photoionization transition takes place:

Fe21@5T2~5D !#1\v→Fe311e, ~3!

where\v51.70 eV. It should be noted that the populati
of the excited5T2(5D)-state is the result of acceptor phot
ionization of Fe31 ions with their transfer into this excite
state; this is confirmed by the observation of a negativ
polarized band with energyE350.7 eV in the photovoltaic
current spectrum.

In the short-wavelength wing of the band
E151.94 eV there is a feature near 2.10 eV in the form o
inflection which, as measured photovoltaic current spe
for crystalline Zn12xFexTe (x50.008) show, are obviousl
associated with the appearance of a negatively polar
band~in Fig. 3 the location of this band is indicated by
arrow!. This band may develop because of photoioniza
transitions of the type

Fe211\v→Fe11h, ~4!

where\v52.10 eV. Fe31 and Fe1 charge states have be
observed previously in electron spin resonance~ESR! spectra
of ZnTe crystals.11 In the case of Fe1 the photosensitive ESR
signal was found to increase at an energy of 2.25 eV. T
the energy we have obtained for the acceptor photoioniza
of Fe21 ions is consistent with the data of Ref. 11 and in
cates that the Fe1 level in ZnTe crystals lies a
Ec20.28 eV. An approximation of the position of this lev
in other II–VI group crystals using a diagram of their ene
levels relative to the vacuum level9 indicates that for all the
other crystals in this group the Fe1 level is at resonance wit
the conduction band. It must be assumed that this is wh
Fe1 ion level has yet been observed in the band gap of
other II–VI crystals.

In the long-wavelength wing of the 1.70-eV band, th
are also two features in the form of inflections, one of whi
at 1.57 eV, may be caused by acceptor photoionizatio
Fe31 ions with their transfer into the Fe21 charge state in th
excited3T1(3H)-state, i.e.,

Fe311\v→Fe21@3T1~3H !#1h, ~5!

where\v51.57 eV. The other feature, at about 1.3 eV
related to the deformation of the photovoltaic current sp
trum by a rather intense intracenter absorption band of
Fe21 ions.

In the shortest-wavelength portion of the photovolt
current spectrum forx50.0027 one can see a positively p
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larized band at 2.32 eV, as well as a negatively polariz
band at 2.36 eV. The first band is caused by photoioniza
of singly charged zinc vacancies, i.e., by a transition from
acceptor levelEc10.05 eV into the conduction band, an
the second, by dissociation of excitons. The segment of
photovoltaic current spectrum observed on the short wa
length side of the exciton band is associated with band-b
transitions.

The measured photovoltaic current spectra for crystal
Zn12xFexTe with higher Fe concentrations~Fig. 3, curve2!
have a similar structure; i.e., positively and negatively pol
ized bands are observed at the energies marked by the ar
in Fig. 2. The difference in the spectra for Zn12xFexTe with
different Fe concentrations is that, in the region 1.2–2.2
n-type conductivity is observed when the concentration
lower, while for higher Fe atom concentrations,p-type con-
ductivity occurs in the entire spectral range that was stud
along with a slight shift in the exciton line to shorter wav
lengths. The observed hole conductivity of Zn12xFexTe
(x50.008) crystals over a wide spectral range is primar
caused by strong~compared to then-type impurity conduc-
tivity ! hole conductivity in the band-band transition regio
This is because, for a high concentration of Fe ato
(x50.008) the substitution of Zn vacancies by impurity a
oms greatly reduces the number of the singly charged
vacancies which determine the electron conductivity of Zn
crystals in the band-band transition region. Furthermore,
purity Fe21 centers begin to trap free electrons efficien
and this favors an increase in the amount of Fe1 ions. We
have observed an analogous phenomenon before in Z
crystals doped with Cr.12

An analysis of photovoltaic current spectra therefo
shows that the observed long-wavelength shift in the abs
tion edge of Zn12xFexTe crystals in the region of relatively
low absorption coefficients (k,250 cm21) and its step-like
structure are related to photoionization processes involv
various charge states of Fe (Fe1, Fe21, and Fe31). In the
case of Fe21 ions, we have observed photoionization tran
tions involving the ground state and excited states of
impurity ions. Energy locations of Fe1 and Fe21 ions in the
band gap of Zn12xFexTe crystals have been determined.
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Calculating the band structure of InSb 12xBi x solid solutions
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The empirical pseudopotential method including the spin-orbit interaction is used to calculate the
band structure of the substitution solid solution InSb12xBix . This makes it possible to study
the dependence of the band gap on the temperature and composition of the alloy in the virtual-
crystal approximation. The calculations are in good agreement with the available
experimental data. ©1999 American Institute of Physics.@S1063-7826~99!00703-6#
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The narrow-gap substitution solid solutions based
III–V compounds are promising materials for solid-sta
electronics. Interest in these materials has recently incre
markedly in connection with multicomponent alloys, whic
are potentially very important materials for creating infrar
~IR! detectors, low-noise filters for communications system
and continuously tuneable lasers.1,2 Today, the most acces
sible semiconductor materials for fabricating far-IR devic
~wavelengthsl.8mm) are CdHgTe alloys. The propertie
of these crystals, however, depend to a substantial degre
the manufacturing process, which is not so highly develo
as that for the III–V compounds. Many unpredictable fact
have a major effect on the band gap, and degradation
cesses cause instability in the physical and ecolog
characteristics.3

The conventional III–V alloys do not offer the possib
ity of extending the wavelength range beyond a limit
l57.5mm ~InAsSb!. Thus, there are now two alternativ
ways of solving this problem. The first is to produce ne
multicomponent materials base on III–V. The second ba
cally involves changing the band gap through the stres
which develop in the corresponding superlattices and het
structures.4 Both the first and second approaches have th
strong and weak points.

Experimental studies of the InSb–InBi system beg
about 30 years ago with the classical papers of Je
Louis.5–7 Production difficulties in growing these substit
tion solid solutions have thus far delayed their wide int
duction into practice. However, recent advances in t
area8,9 have opened up new possibilities for obtaining a
using them. Because of this circumstance, there is increa
interest in their fundamental properties, such as the e
tronic band structure and the dependence of the band ga
the alloy composition and temperature, and, therefore, in
optical and photoelectric characteristics of these materia

The fact that InBi crystallizes into a tetragonal (B10)
structure and is a semimetal, which is not typical of m
III–V compounds ~they are cubic semiconductors!, has
stimulated research on the interrelation between its ano
lous crystalline structure and its physical properties.10 The
ratio of the lattice constants in InBi isc/a50.9545.9 The
physical properties of the solid solution InSb12xBix
2931063-7826/99/33(3)/4/$15.00
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(x,3%) have been studied in a number of papers and it
been shown that in this range of variation in the compositi
a substitution solid solution with a sphalerite structure an
straight band gap is formed. The first computational e
mates of the band structure of InSb12xBix used three meth-
ods: Herman’s relativistic corrections method, the empiri
pseudopotential~EPP! method, and the van Vechten sem
conductor model.7 They could not quantitatively explain th
concentration and temperature dependences of the band
width and, therefore, of the optical properties. Although t
electrical and optical properties of this solid solution are
great practical interest, detailed calculations of the electro
band structure have not been done until now. In this pa
we calculate the electronic energy spectrum of InSb12xBix
by the empirical pseudopotential method including the sp
orbit interaction in the approximation of a virtual crystal an
investigate the concentration and temperature depende
of the band gap width theoretically.

To calculate the electronic band structure it is necess
to solve the Schro¨dinger equation, for which the one-electro
pseudopotential Hamiltonian in atomic units has the form

H52¹21Vp~r !, ~1!

where

Vp~r !5V~r !1(
t

~E2Et!ubt&^btu ~2!

is the crystal potential,Vp(r ) is the true crystal potential, an
ubt& is the wave function of the ground state with energyEt .
Disregarding its nonlocal part, we write the Fourier tran
form of the pseudopotentialVp(r ) as

Vp~r !5(
G

VL~G!exp@ i ~G•r !#, ~3!

where

VL~G!5(
a

Sa~G!na~G!, ~4!

Sa~G!5
1

Na
(

j
exp@2 i ~G•Rj

a!#, ~5!
© 1999 American Institute of Physics
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FIG. 1. The band structure of InSb~a! and
InBi ~b!.
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where G are the reciprocal lattice vectors,na(G) are the
atomic pseudopotential form factors,Na is the number of
atoms of typea in a unit cell, andRj

a determines the position
of the j th atom of typea. For the case of N-~8-N! com-
pounds with a zincblende structure, on choosing the coo
nate origin as the midpoint of the line joining the neares
and B atoms, these equations can be reduced to the for

VL~G!5vS~G!cos~G•t!1 ivA~G!sin~G•t!, ~6!

where

vS~G!5@vA~G!1vB~G!#/2,

vA~G!5@vA~G!2vB~G!#/2, ~7!

wheret5(a/8)•(1,1,1), anda is the lattice constant.
In the empirical pseudopotential method we only co

sider the first four terms, which can be justified by the cut
of the strong core potential. The band structure
InSb12xBix can be found by solving the secular equation

detu$K22En~k!%dGG8dss8

1VL~G2G8!dss81Vso
ss8~K ,K 8!u50. ~8!

The spin-orbit term is
i-

-
f
f

Vso
ss8~K ,K 8!5~K3K 8!sss8

3$2 ilScos~K2K 8!•t1lAsin~K2K 8!•t%.

~9!

Heres ands8 are the spin states, thes are the Pauli matrices
K5k1G, andlA andlS are regarded as fit parameters f
the spin-orbit splitting of the upper valence band. Accordi
to the virtual-crystal approximation~VCA! and Vegard’s
law, the lattice constants and pseudopotential form fac
for the substitution solid solution InSb12xBix can be con-
structed in the form of the linear combinations

ass5aInBix1aInSb~12x!,

Vss5VInBix1VInSb~12x!, ~10!

whereass andVss are the lattice constant and form factor
the substitution solid solution.

Numerical calculations have been done along the prin
pal directions of symmetry of the Brillouin zone in a basis
137 plane waves~the secular determinant including the sp
states had a dimensionality of 2743274). Figure 1 shows
the band structures of InSb and InBi calculated using
a

TABLE I. Pseudopotential parameters used in the calculations.

Model
parameters

InSb InBi

Data from Ref. 11 Our data Data from Ref. 7 Our dat

nS (3) 20.2547 20.2285 20.22 20.285
nS (8) 0.0188 0 20.03 20.0035
nS (11) 0.0452 0.0405 0.02 0.0145
nA (3) 0.0302 0.06 0.08 0.049
nA (4) 0.0012 0.05 0.05 0.035
nA (11) 0.0329 0.01 0.02 0.005
lS 0.00231 0.00230 ••• 0.001693
lA 0.00028 0.00028 ••• 0.003443
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theoretical parameters listed in Table I and compared w
the parameters of other papers.7,11 In the limiting cases of
x50 ~InSb! and x51 ~InBi! the calculated energy separ
tions between the electronic levels in the high symme
points are in satisfactory agreement with published exp
mental data and pseudopotential calculations by oth
~Table II!. As opposed to InSb, in InBi thes-band of In falls
below thep-band of Bi at the pointG by almost 2 eV, which
was noted in Refs. 7 and 10.

The effect of temperature on the band structure of th
solid solutions can be taken into account using
Brooks-Yu theory.13 While at zero temperature the electron
energies are calculated as functions of the atomic pseud
tential form factors

E~k!5E~k,$Vj~G!%!, ~11!

at finite temperatures each Fourier component of thej th
atomic pseudopotential is corrected with the help of
Debye-Waller factorM j (G,T),

E~k,T!5E~k,$Vj~G!exp@2M j~G,T!#%!. ~12!

For cubic crystals the Debye-Waller factor is given by

FIG. 2. The variation in the band gapEg with composition for InSb12xBix .
The smooth curves are calculated and the points are experimental d6

T50 ~1!, 77 ~2!, 300 K ~3!.

TABLE II. Interband separations~in eV! at several symmetry points of th
Brillouin zone.

Brillouin
zone point

InSb InBi

EPP11 Our calculations Expt.12 EPP10 Our calculations

G8v2G6c 0.26 0.247 0.2357 1.9 1.97
G7v2G6c 1.05 1.23 1.216 0 0
G8v2G7c 3.65 3.6 ••• 2.56 3.1
G8v2G8c 3.68 4.21 ••• 3.10 3.83
L4,5v2L6c 2.03 1.89 1.9 1.25 1.18
L6v2L6c 2.60 2.48 ••• 1.75 2.11
L4,5v2L6c 5.3 5.71 ••• 4.12 4.87
X7v2X6c 3.95 3.73 ••• 0.75 0.77
Dso 0.82 0.99 0.98 1.9 1.97
h

y
i-
rs

e
e

o-

e

M j~G,T!5
uGu2

6
^U j

2~T!&, ~13!

where the mean square displacement^U j
2& of the j th atom

obeys the Debye equation

^U j
2~T!&5

3\2

mjkB

T

Q j
2 FFS Q j

T D1
1

4

Q j

T G , ~14!

where themj are the ion masses,Q j are the Debye tempera
tures of each type of atom, andF j is the Debye integral of
the first kind. In our calculations the Debye temperatures
In, Bi, and Sb were assumed to beQ In5112 K,
QBi5120 K, andQSb5220 K.14 The effect of the therma
expansion of the lattice was taken into account in the app
priate formulas for the temperature dependence of the la
constants. Figure 2 shows a comparison of the calcula
temperature and concentration dependences of the band
Eg of semiconducting InSb12xBix solid solutions with ex-
perimental data from optical absorption experiments.6 The
variation in the coefficientg52DEg /DT with x calculated
on the basis of this band structure is shown in Fig. 3.

The satisfactory agreement between the experime
and theoretical curves justifies the hope that this model g
a correct description of the energy band structure of th
ternary semiconductor solid solutions. It can serve as a b
for further study and prediction of their optical properti
and for a correct approach to solving the technological pr
lems of obtaining more perfect material with the requir
band gap.

*E-mail: vdei@chsu.cv.ua
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Effective charge carrier lifetime in CdHgTe variable-gap structures
V. M. Osadchi , A. O. Suslyakov, V. V. Vasil’ev, and S. A. Dvoretsky
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The effective charge carrier lifetime inn-type CdHgTe variable-gap structures is calculated with
allowance for Auger recombination and recombination at dislocations. It is shown that
introducing wide, variable-gap layers can eliminate the effect of surface recombination and yield
long effective lifetimes, even for high densities of dislocations~above 107 cm22). The
calculated charge carrier lifetimes are in agreement with measurements on variable-gap structures
grown by molecular-beam epitaxy. ©1999 American Institute of Physics.
@S1063-7826~99!00803-0#
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INTRODUCTION

The photoelectric characteristics of photoconduct
based on cadmium-mercury-tellurium compounds are de
mined by the minority charge carrier lifetime, which depen
on both the structural perfection of the material and the s
face recombination rate.

There are a number of ways to passivate the surfa
using insulating layers1 or in situ growing of wide band-gap2

or variable-gap3 layers. Only the first two cases have be
examined theoretically.1,2,4

In order to improve the structural perfection in epitax
growth techniques it is customary to use substrates wh
lattice parameter matches the epitaxial CdHgTe layer. Th
in CdHgTe epitaxial structures grown by molecular-be
epitaxy ~MBE!5,6 on substrates of CdZnTe that are match
in terms of the lattice parameter, a dislocation density
;33105233106 cm22 is observed. At the same time, i
CdHgTe structures grown on GaAs substrates with Cd
buffer layers,6,7 a higher density of dislocations,;23106

253107 cm22, is observed.
It is known that dislocations can manifest electric

activity,8 by, for example, making a dominant contribution
carrier recombination and determining the minority cha
carrier lifetime. It has been shown from surface poten
measurements9 that at an interface with an oxide, the lifetim
in bulk CdHgTe~with a cadmium contentxCa50.3) at the
surface layer depends on the density of dislocations,nd . For
nd,23105 cm22, the lifetime saturates and no longer d
pends on the dislocation density. Evidently, there are o
recombination centers which limit the lifetime. An empiric
formula for the lifetime as a function of dislocation dens
was proposed. At the same time, photoconductivity meas
ments, which yielded the lifetime for the structure as
whole, showed that the lifetime is twice that measured in
skin layer for the same dislocation density. We believe t
this difference may be related to recombination at the oxi
CdHgTe interface and to a dependence of the surface rec
2971063-7826/99/33(3)/4/$15.00
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bination rate on the density of dislocations emerging at
CdHgTe surface.

The dependence of the lifetime on the dislocation d
sity has been studied6 in CdHgTe structures grown on
CdZnTe and GaAs substrates. It was stated that obse
lifetimes may be related to charge carrier recombination
dislocations in the bulk of the CdHgTe, as in Ref. 9. It w
shown that for dislocation densities greater than 23106

cm22 in CdHgTe structures on GaAs the lifetimes fa
sharply from 200 to 20 ns. Since the short lifetimes in Ref
were observed near the surface, however, it is possible
those in Ref. 6 are also affected by surface recombinatio

It is known that introducing a nonuniform potential we
into the structure of a photoconductor increases
lifetime.10 We have developed a technique for growing e
taxial CdHgTe structures by MBE with real-time measu
ments of the composition of the growing layer.3 This tech-
nique makes it possible to grow CdHgTe layers w
arbitrary prespecified profiles of the CdHgTe compositi
over the thickness of the film. For passivation, epitaxial la
ers were grown with wide, graded-gap layers at the fil
substrate interface and on the surface of the CdHgTe film

In this paper we use numerical methods to study
effect of graded-gap layers on the effective charge car
lifetime in n-type CdHgTe photoconductors with compos
tion profiles close to the actual ones and compare the th
retical and experimentally measured effective charge car
lifetimes in CdHgTe heterostructures grown on GaAs s
strates by MBE.

MODEL

The calculations were done for photoconductors ba
on a CdHgTe film with variable-gap layers~Fig. 1a, curve1!
grown on GaAs substrates with a CdTe buffer layer~Fig.
1b!. The profile of the Cd content over the depth of the fi
is close to the profiles in real structures. Here the band
© 1999 American Institute of Physics
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increases toward the film surface and toward the inter
with the buffer ~Fig. 1a; the difference between curves2
and3!.

The distribution of nonequilibrium charge carriers in
photoconductor can be determined by solving a o
dimensional diffusion equation that includes recombinat
and photogeneration of charge carriers and an imbedded
that develops because of the position dependence of th
rameters of the band structure. The hole currentj p as a func-
tion of the depthy in the structure in ann-type semiconduc-
tor is given by11

j p~y!5mp~y!p~y!kBT
d

dy
lnni

2~y!2mp~y!kBT
d

dy
p~y!,

~1!

wheremp is the hole mobility,p is the hole concentration,ni

is the intrinsic charge carrier concentration,T is the tempera-
ture, andkB is Boltzmann’s constant. This expression w
obtained in the approximation of a low level of excitation f
uniform doping in they direction. Note that since it contain
no dependence on electron affinity, the location of the c
duction band is independent of the coordinatey ~Fig. 1a,
curve2!.11 In the calculations an expression forni was taken
from Hansen and Schmidt,12 and that forEg was taken from

FIG. 1. ~a! ~1! The profile of the cadmium content in the model structu
~2! the profile of the edge of the conduction band, and~3! the profile of the
edge of the valence band.~b! A sketch of the model structure.
e

-
n
ld

pa-
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Finkman and Shachman.13 It is assumed thatmp50.01mn

and the formula for the electron mobilitymn was taken from
Rosbecket al.14

The diffusion equation for nonequilibrium holes i
n-type CdHgTe is

kBT

e

d

dy
j p~y!2G~y!1

p~y!2p0~y!

t~y!
50. ~2!

Here e is the electronic charge,p0 is the equilibrium hole
concentration in the absence of radiation,G is the carrier
photogeneration function, given by

G~y!5a~y! FexpS 2E
0

y

a~y8! dy8D , ~3!

whereF incident radiation flux,a is the calculated absorp
tion coefficient,15 and t is the charge carrier recombinatio
time. In n-CdHgTe that is uniform in composition, this tim
is determined by theA1 Auger process16 and can be found
using an equation from Beattie and Landsberg.17 We intro-
duce the notationtA for this quantity below.

Since a calculation of the recombination time at disloc
tions on a microscopic level is extremely complicated,
have used an empirical model8 in which the recombination
time td at a dislocation is given in terms of the dislocatio
densitynd by

td5
Cd

nd
. ~4!

The total recombination time in Eq.~2! is given by

1

t
5

1

tA
1

1

td
. ~5!

In the calculations we took into account recombination ch
nels and just Auger recombination. The parameterCd in Eq.
~4! was varied.

Equation~2! should be supplemented by the bounda
conditions11

j p~0!52es0@p~0!2p0~0!#,

j p~L !5esL@p~L !2p0~L !#, ~6!

whereL is the thickness of the CdHgTe film, ands0 andsL

are the surface recombination rates aty50, the interface
with the buffer, and aty5L, the CdHgTe film surface.

In Eq. ~2! it is convenient to replace the unknown fun
tion by n(y) through the substitutionp5ni

2n. It is then re-
duced to a quasiharmonic form~like the heat conduction
equation!, for which a stable difference system has been
ported in the literature.18 Equation~2! was solved using this
difference scheme and then we found the effective lifeti
teff , determined from the condition that the number of ph
togenerated carriers over timeteff should equal the numbe
of nonequilibrium carriers in the structure,

teffE
0

L

G~y!dy5E
0

L

Dp~y!dy. ~7!

,
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RESULTS

We have studied CdHgTe structures grown by MBE
~103! GaAs substrates with a CdTe buffer layer. The grow
of the CdHgTe layers was begun by growing a layer of c
stant compositionxCd50.320.4 with a thickness of up to
0.2–0.3mm. We then grew a layer of CdHgTe, in which th
composition was varied to the concentrations required for
operating wavelengths of a photodetector device, usuall
the rangexCd

b 50.220.24. The thickness of these layers v
ied between 1 and 3mm, depending on the growth rat
Another layer with a constant composition and a thicknes
5–10 mm was grown. Finally, a variable-gap layer with
thickness of 0.5–1mm and composition ranging from 0.1
0.5 was grown on the surface.

Calculations were done for model structures with co
position profiles close to real structures~Fig. 1a!. The
CdHgTe film thickness wasL510mm, the thickness of the
variable-gap layers was 1mm on each side, and the cadmiu
content on the surface,xCd

s was varied. The electron conce
tration was 431014 cm23 and the lattice temperature wa
77 K. The surface recombination rate on the left wass0

5105 cm/s and that on the right,s, was varied from 0 to 107

cm/s.
The calculations of the effective lifetime showed th

introducing variable-gap layers, naturally, reduces the in
ence of surface recombination, since the imbedded field
pels minority carriers from the surface~Fig. 1a, curve3!. For
complete cutoff of surface recombination it is sufficient
have DxCd5xCd

s 2xCd
b 50.05, when only Auger recombina

tion is included and when both recombination channels
included. This value for the difference in compositions
close to that calculated2 for a structure with a sharp heter
junction near the resistor surface and with allowance for o
the Auger recombination.

The problem of choosing the coefficientCd in Eq. ~4!
arises when calculating the effective lifetime with allowan
for the Auger recombination and recombination at dislo
tions using the empirical model described above. The x
swing curves and lifetimes were measured for two samp
An estimate from the half-width of the swing curves sho
that our dislocation densities were (426)3107 cm22 and
the lifetimes were 0.4–0.8ms. A calculation of the lifetime
according to our model with allowance for these data yie
Cd540280 s/cm2.

We have also compared the calculated lifetimes w
those measured from photoconductivity relaxation in a nu
ber of variable-gap structures whose composition profiles
shown in Fig. 2. In the calculations we took into account
times of Auger recombination and of recombination at d
locations. Table I lists the measured and calculated lifetim
for a temperature of 77 K. We chosend543107 cm22 since
it lies in the range determined from the swing curves. Th
is good agreement between the calculated and measured
times, while the lifetimes for Auger recombination alone d
fer by an order of magnitude from the experimental valu

These results show that when wide, variable-gap lay
are introduced, lifetimes in excess of 1ms can be obtained
even when the dislocation density exceeds 107 cm22. These
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values are almost two orders of magnitude greater than
lifetimes reported6 for CdHgTe layers with a similar disloca
tion density but without variable-gap layers.

It is evident that better agreement between the exp
mental and theoretical times can hardly be obtained in
framework of the simple empirical model of Eq.~4!. The
recombination rate at dislocations can also have a diffe
dependence on their density, since they might be cap
centers, as well as recombination centers.8 Further compari-
sons will have to be done with layer-by-layer etching of t
CdHgTe layers and measurements of the charge carrier
time and dislocation density.

CONCLUSIONS

We have calculated the effective lifetime of charge c
riers in n-type CdHgTe photoconductors with variable-g
layers. Auger recombination and recombination at dislo
tions have been taken into account in the calculations.
latter was taken into account through the empirical mode

FIG. 2. The composition profiles of structures1, 2, 3, and4.

TABLE I.

Sample n, tcalc
A , texp, tcalc, nd

opt ,
number 1014 cm23 ms ms ms 107 cm22

1 3.8 24 1.4 1.4 4
2 2.5 40 1.1 1.4 5.3
3 8.6 2.2 1.2 0.9 2.3
4 1.3 370 0.75 1.5 8

Note:tcalc
A is the calculated lifetime determined solely by Auger recombin

tion, texp is the measured lifetime,tcalc is the calculated lifetime determined
by Auger recombination and recombination at dislocations withCd560
s/cm2 andnd543107 cm22, andnd

opt is the density of dislocations at which
the measured and calculated lifetimes are equal.
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Eq. ~4! and the coupling coefficientCd between the recom-
bination time at dislocations and their density was det
mined.

It has been shown that the presence of variable-gap
ers in a photoconductor leads to a substantial increase in
effective charge carrier lifetime. A difference of 0.05 be
tween the cadmium contents at the surface and in the bul
sufficient to eliminate the effect of surface recombination
the carrier lifetime, which is then determined solely by vo
ume processes. Introducing variable-gap layers makes it p
sible to obtain rather high effective lifetimes, despite a hi
dislocation density~above 107 cm22). Satisfactory agree-
ment was obtained between the measured and calculate
fective charge carrier lifetimes in variable-gap structur
grown by MBE when recombination at dislocations wa
taken into account and the relaxation time at dislocations w
related to the dislocation density in Eq.~4! with Cd540
280 s/cm2.

We wish to thank L. D. Burdin, V. S. Varavin, M. V.
Yakushev, and N. N. Mikhaı˘lov for their participation in
growing the CdHgTe epitaxial structures. We also tha
V. N. Ovsyuk and Yu. G. Sidorov for a discussion of th
results of this study.
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Polarization photosensitivity of GaN/Si heterojunctions
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A technique for fabricatingn-GaN/Si heterojunctions, which includes chemical deposition of
GaN layers with thicknesses of up to 20mm on a Si substrate in an open gas-transport system, is
developed. The photoelectric properties of isotypic and anisotypic heterojunctions are
studied in natural and linearly polarized light. A polarization photosensitivity is observed when
linearly polarized light is obliquely incident on the surface of the GaN layers. The induced
photopleochroism increases quadratically with the angle of incidenceu and reaches 20% for
u>75°. GaN/Si heterojunctions may be useable as broad-band photoanalyzers of linearly
polarized light. © 1999 American Institute of Physics.@S1063-7826~99!00903-5#
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Gallium nitride is one of the several types of semico
ducting materials which are currently being vigorously st
ied. Because of substantial progress in the technology of
wide-gap semiconductor (EG>3.4 eV atT5300 K!, it may
be used in short-wavelength and high-temperature optoe
tronics, photoconverters, and other devices.1–4 There is also
special interest in solving the problem of integrating G
and Si, which may open up possibilities for using silicon,
only for growing large area GaN wafers, but also for co
bining the unique functional capabilities of these materi
In this paper we focus attention on this topic and report
results of the first study of the photoelectric phenomena
linearly polarized light in heterojunctions created by formi
layers of GaN layers on silicon substrates.

1. The GaN layers were obtained by chemical va
deposition in an open H2–HCl–NH3–Ga gas-transport sys
tem. Slabs ofn- andp-type silicon with a free charge carrie
density>1016cm23 at T5300 K and a thickness>0.3 mm
were used as the substrate material. Immediately prio
deposition of the layers, the substrate surfaces were
jected to careful cleaning: degreasing in toluene, treatme
boiling isopropyl alcohol ~up to 10 min!, etching in a
1HF:5H2O solution~up to 1 min!, washing in deionized wa
ter, and drying in heated isopropyl alcohol vapor. The lay
were grown in a reactor with Ga source zone temperat
Ts>850 °C and deposition temperaturesT0>8902910 °C.
According to a set of physical and technological studies
order to obtain the most perfect layers it was first neces
to form a thin buffer layer of GaN (dB>0.5mm! on the sili-
con surface. This growth took place atT0>5502565 °C for
>2 min. Subsequent growth was at a higher deposition t
perature T0>8902910 °C and over deposition time
t3>20230 min, GaN layers with thicknesse
dl>10220mm were reproducibly formed. The resultin
3011063-7826/99/33(3)/4/$15.00
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GaN layers have a fine crystalline structure with lattice c
stants corresponding to published values.5 X-ray studies
showed that the widths of the swing curve in the best of
layers we made areu>526° for dl>20mm, which is com-
parable to typical values ofu for GaN layers obtained by
other methods, including molecular-beam epitaxy, but
dl<1mm.6 The GaN layers produced on Si substrates o
ented in the~111! and~100! planes generally had high adh
sion and continuity. The GaN layers had a uniform t
which varied from black to light-yellow, depending on the
thickness, and the outer surface usually has a relief wh
structure is determined by the deposition conditions. All
GaN layers had electron conductivity and were character
by a free electron density>1019 cm23, and a Hall mobility
>10 cm2/~V•s! at T>300 K.

These technologies yielded anisotypicn-GaN/p-Si and
isotypic n-GaN/n-Si heterojunctions. The GaN layers we
deposited on the~100! and ~111! planes of silicon with the
natural oxide~several monolayers!, as well as with a specia
coating of SiO2 to a thicknessd0>0.620.8mm. These ex-
periments showed that the change in the crystallographic
entation and the presence of an SiO2 layer on the Si did not
show up in a significant way in the structures of the result
GaN layers.

This method allowed us to obtain heterojunctions w
areas of up to 50350 mm2, without any fundamental limits
on the size. In order to study their photoelectric characte
tics, the heterojunctions were attached to a Fedorov ta
which is used to control the angle of incidenceu of light on
the receiver surface to within 308. The heterojunctions wer
illuminated on the side of the wide-gap GaN layer by l
early polarized light with a degree of polarization of up
100% over the entire photosensitive area.

2. These heterojunctions have rectification properties
© 1999 American Institute of Physics
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typical current-voltage characteristic for one of the an
typic heterojunctions is shown in Fig. 1. Forward rectific
tion in these heterojunctions corresponds to a negative p
ity of the external bias at then-GaN layer, while in the
isotypic samples it occurs with a positive potential across
GaN. It should also be noted that rectification in isoty
structures is, as a rule, considerably inferior to that in an
typic ones. The reverse branches of the current-voltage c
acteristics of the heterojunctions at low voltages hav
powe-law dependence that is close to linear, which is
dence of imperfections in the heterojunctions produced h

3. The isotypic and anisotypic heterojunctions exhib
photovoltaic effect, whose sign is independent of the incid
photon energy in the entire photosensitive spectral range
independent of changes in the localization of the probe l
~diameter>0.2mm! along the surface of the structure. Th
means that we can assume that photogenerated pair
separated by the only active region in heterojunctions of
type, which develops as a result of the formation of a con
between the GaN and then- or p-type Si substrate.

The photosensitivity of all our heterojunctions is dom
nant when they are illuminated from the side of the wide-
layer. In this case, the spectral dependences of the phot
sitivity of the isotypic and anisotypic heterojunctions are,
a rule, wide-gap dependences. Figure 2 shows typical s
tral variations in the current photosensitivity of Si for seve
heterojunctions atT5300 K in natural light. These curve
clearly show the ‘‘window effect,’’ in which a high photo
sensitivity occurs in the range between the band gaps o
materials in contact, and which is characteristic of sh
ideal heterojunctions.7 The long-wavelength photosensitivi
limit corresponds to the onset of interband absorption in
substrate material of these heterojunctions. In
( i\v)1/2,(hv) plane~wherei is the current; curve28 in Fig.
2! this part of the curve is straight and extrapolation
\v50 is consistent with the band gap of Si, while the sh
wavelength photosensitivity limit of these heterojunctions

FIG. 1. Steady-state current-voltage characteristic of ann-GaN/p-Si hetero-
junction at T5300 K. ~Sample No. 59.1.1. The forward direction corr
sponds to a positively polarized external bias voltage on the Si.
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caused by absorption in the GaN layers.5 The onset of the
short-wavelength drop for Si, as can be seen in Fig. 2, be
at photon energies of 1.8–2.4 eV for the different heteroju
tions and is controlled mainly by the thickness of the G
layers. Furthermore, near the peakSi in the photosensitivity
spectral curves for a number of the heterojunctions we se
slight modulation in the photoresponse~Fig. 2, curves1-3!.
This modulation, however, is not deep enough to determ
reliably the locations of the maxima and minima inSi and,
thereby, evaluate their relationship to possible interferenc
light within the wide-gap layers.

An analysis of the interrelation between the photoel
tric parameters of the heterojunctions and the conditions
der which they were produced yields the following conc
sions. The growth technique developed for use h
reproducibly provides heterojunctions with maximum vo
age and current photosensitivities ofSu>20 V/W and
Si5150 mA/W, respectively, atT5300 K when GaN layers
are deposited onn- andp-type Si wafers oriented in the~111!
plane. The use of slabs with a~100! orientation generally
reduces the photosensitivity by two to four orders of mag
tude compared to those with a~111! orientation; this indi-
cates that the quality of the interface region depends on
orientation of the substrate. At the same time, it should
noted that the parameters of the heterojunctions did
manifest an explicit dependence on the thickness of the o
layer on the Si wafers. The total half-widthd1/2 of the pho-
tosensitivity spectra for the best structures is>1.8 eV, when
they are illuminated on the GaN side and tends to decreas
the layer thicknessdl is increased in the range 10– 20mm.

When the heterojunctions are illuminated on the su

FIG. 2. Spectral variation in the photosensitivity ofnGaN/p-Si heterojunc-
tions atT5300 K in natural light.~Sample Nos. 60.1.2~1!, 59.1.1~2, 28!,
59.2.1~3!, 60.2.2~4!. The heterojunctions are illuminated along a normal
the plane of the GaN.
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FIG. 3. Short-circuit currents~1, 2!, induced photopleochroismPI ~3, 4!, and polarization difference in the photocurrents~5! as functions of the angle of
incidence of linearly polarized light on the plane of GaN/Si heterojunctions atT5300 K. ~a! Sample No. 59.1.1,\v51.97 eV; ~b! sample No. 60.1.2.1,
\v52.34 eV.
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strate side, theSi spectra become narrow-gap spectra (d1/2

>0.120.2 eV!, reflecting the behavior of optical absorptio
in Si.

4. Polarization measurements of the photosensitivity
the GaN/Si heterojunctions for normal incidence on eit
the layer or substrate side did not reveal any dependenc
the short-circuit photocurrenti on the azimuthal anglew,
which determines the position of the electric vectorE of the
light wave with respect to the crystallographic axes in the
substrates. This result is a consequence of the polycrysta
ity of the GaN layers and the isotropic nature of photoact
absorption in S. On going to oblique incidence for line
polarized light on the GaN layer surface at angles of in
denceu.0°, the photocurrenti w depends periodically on th
azimuth of the polarization of the linearly polarized ligh
The short-circuit photocurrent foru.0° in all these hetero-
junctions was higher when the polarization plane of the
diation coincided with the incidence plane~IP!, i.e., when
EiPI, than whenE'PI; in other words,i p. i s. This inequal-
ity is satisfied over the entire photosensitive range of
heterojunctions studied here. Typical plots of the sho
circuit photocurrent as a function of angle of incidenc
i p(u) and i s(u), for these heterojunctions are shown
Fig. 3. For a heterojunction with a rough outer surface of
GaN layers~Fig. 3a!, the photocurrents begin to fall off im
mediately with increasing angle of incidenceu.0°, al-
though the polarization inequalityi p. i s still holds. Similar
f
r
of

i
in-
e
r
-

-

e
t-
,

e

behavior has been observed before in GaP/Si heteros
tures and explained in terms of imperfections in the surf
layers of GaP.8

Another type of angular variation ini p(u) and i s(u) is
shown in Fig. 3b. For these heterostructures the outer sur
of the GaN layers is of much better quality. Figure 3b sho
that for both polarizations, foru.0° in these heterojunction
the photocurrents initially increase, pass through a ma
mum, and only then drop off. This behavior of the angu
dependences of the photocurrentsi p and i s suggests that for
both polarizations an increase in the angle of inciden
causes a reduction in the reflection losses so thati p and i s

can increase. A simultaneous rise ini p and i s may
indicate9,10 interference of the incident radiation in the rath
perfect GaN layers. Thus, polarization changes in the ph
sensitivity may find an application in rapid diagnostics of t
quality of GaN layers in fabricated heterojunctions.

The experimental angular dependences of the indu
photopleochroismPI in GaN/Si heterojunctions~Fig. 3!
show that increasing the angle of incidence causes a
dratic rise in the polarization photosensitivity,PI}u2. It is
important to note that with all the heterojunctionsPI50 for
u50° over the entire photosensitive range. This sugge
that the natural anisotropy of photoactive absorption in G
is masked by the polycrystallinity of these layers.

The polarization differenceD i 5 i p2 i s in the photocur-
rents for these heterojunctions, as can be seen from Fi
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~curves5!, becomes greater with increasingu and reaches a
maximum near 70–75°. This parameter is regarded as
portant for estimating the maximum polarization photosen
tivity of heterojunctions and, therefore, determines the ra
of angles of incidence for which a photodetector will ha
the greatest sensitivity to linearly polarized light.

The spectral variations ini p and i s for obliquely inci-
dent, linearly polarized light are similar. Only the gap b
tween thei p and i s curves increases for largeru. Figure 4
shows spectral dependences ofPI for several heterojunc
tions. These curves show that for oblique incidence of
early polarized light on the GaN side of these heteroju
tions, the induced photopleochroism becomes different fr
zero, so that they become polarization sensitive. Accord
to theoretical calculations, the induced photopleochroism
a given angle of incidence is determined by the refract
index.11 Persuant to these estimates, the induced photop
chroism in these heterojunctions should reach>35° when

FIG. 4. Spectral variations in the induced photopleochroism of GaN/Si
erojunctions for obliquely incident, linearly polarized light on the GaN c
lecting face atT5300 K. u575°. ~1! Sample No. 59.1.1,~2! sample No.
60.1.2.1,~3! sample No. 60.1.2.
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e
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they are illuminated on the GaN side atu>75°. Our studies
show thatPI varies from sample to sample and for the stru
tures studied here ranged from 5–20%~Fig. 4!. In a number
of heterojunctions the photopleochroism undergoes osc
tions and, therefore, depends on the incident photon ene
Such behavior has been observed before in other struc
and attributed to a reduction in reflection losses due
interference.9,10 It may be assumed that such phenomena
occur in our heterojunctions because of variations in the p
duction conditions, and that they cause a reduction in
experimental values ofPI compared to the expectedPI

>35% when interference is absent. It is also possible
this reduction inPI is caused by changes in the surface str
ture of the GaN layers.

In conclusion, we point out that the observed induc
photopleochroism of these GaN/Si heterostructures sugg
that they might be used as broad-band~1.2–3.4 eV! photo-
analyzers for linearly polarized light with a maximum az
muthal photosensitivityF I>8210 mA/W•deg at T5300
K, while the observed dependence ofPI on the conditions
under which the layers are fabricated might be used a
rapid diagnostic of the quality of GaN layers and, therefo
for optimizing the technology.
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Heterostructures which are maximally doped with iron and which contain bulk layers of GaAs
and AlxGa12xAs, as well as GaAs/AlGaAs superlattices are grown on an E´ P-1302
molecular-beam epitaxy system. An analysis of secondary-ion mass spectrometry profiles of the
iron penetration shows that during growth on substrates oriented in the@100# plane, the
maximum concentrations of iron in the GaAs layers, as well as in the GaAs/AlGaAs superlattices,
are two orders of magnitude below those for the ternary solution AlGaAs. A radical
enhancement in the maximum Fe concentration~up to 531018 cm23) in GaAs/AlGaAs
superlattices can be attained by growing them on substrates cut with a 3° deviation from the@100#
plane. It is important that at these high doping levels the low-temperature~10 K! absorption
and photoluminescence spectra of the superlattices still contain narrow exciton lines. Possible
mechanisms for the selective implantation of iron in GaAs/AlGaAs hetrostructures are
analyzed. ©1999 American Institute of Physics.@S1063-7826~99!01003-0#
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The doping of epitaxial GaAs heterostructures with ir
to very high concentrations~on the order of 1019 cm23) is
accompanied by the formation of iron-rich clusters.1 The
presence of clusters of this sort greatly modifies the re
ation characteristics of the heterostructures, making th
suitable for use in ultrafast nonlinear optical components2 It
has been found, however, that the standard technologica
proaches~combined deposition andd-doping! for creating
iron-rich clusters in bulk layers of GaAs and AlGaAs do n
provide heavy doping of GaAs/AlGaAs superlattices.1 This
substantially limits the possible applications for these str
tures.~A low maximum doping level for epitaxial superla
tices has been observed in other studies.3! In this paper we
present the results of an experimental study aimed at sea
ing for epitaxial growth conditions that offer the possibili
of raising the maximum level of iron implantation in GaA
AlGaAs heterostructures.

The structures were grown on an E´ P-1302 molecular-
beam epitaxy system equipped with standard Ga and Al
lecular sources and boron nitride crucibles. A sapphire c
cible was used for the Fe molecular source, since at
source operating temperature of 840–1080 °C iron re
chemically with boron nitride. The epitaxial structures we
grown on semi-insulating substrates of AGChP-8 gra
GaAs~100!. The typical growth rate was 0.8–1.1mm/h.

The distribution of the major constituents and the dop
impurity in the grown structures were studied by second
ion mass spectrometry~SIMS! in a CAMECA IMS4F ion
microprobe. The depth of the ion etching crater was m
sured on a DEKTAK mechanical profilometer. The exa
values of the concentration of iron atoms in the GaAs a
GaAlAs were determined using calibrated samples obtai
3051063-7826/99/33(3)/3/$15.00
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by implantation of iron atoms in the corresponding crysta
In order to determine the maximum level of entry of F

into the GaAs, test doping was done with different intensit
of the iron molecular beam. For this purpose, during conti
ous epitaxial growth of the GaAs layer, the Fe molecu
beam was turned on for a relatively short time~10 min! with
a constant source temperature. After the beam was shut
the Fe source temperature was raised to the next fixed va
In this time the doped layer grew as a pure GaAs layer. T
Fe beam was then turned on for a short time, etc. Acco
ingly, the temperature interval 840–1080 °C was covered
stepwise fashion. The quality of the epitaxial layer duri
growth was monitored from the fast electron diffraction p
tern. For iron source temperatures above 1080 °C it w
found that epitaxial growth fails, as revealed in the appe
ance of images characteristic of three-dimensional growth
the diffraction pattern.

A profile of the Fe concentration in a doped sample
shown in Fig. 1a. As can be seen from the figure, two regi
can be distinguished in the sample with substantially diff
ent implantation of the dopant: bulk and surface. The fi
clearly shows distinct doped layers, within which the iro
concentration is constant. The doped layers have sh
boundaries and the positions of the boundaries corresp
precisely to the times the molecular Fe source is turned
and off. This doping profile shape is evidence of the abse
of dopant diffusion. The iron concentrations were nearly
same in all the doped layers, although the density of
molecular beams differ by three orders of magnitude in
extreme points. This means that the observed concentra
(562)31016 cm23 corresponds to the maximum level o
stable iron implantation into GaAs layers under these gro
© 1999 American Institute of Physics
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conditions. Further experiments showed that the maxim
Fe concentration remains fixed as the growth temperatu
varied in the range 450–550 °C and the crystallographic
entation of the substrate is varied over deviations of 0–
from the ~100! plane.

The Fe concentration profile looks quite different in
initially undoped surface layer. Near the surface the Fe c
centration exceeds 1020 cm23 and falls off smoothly into the
depth of the crystal. The bulk of the Fe impurity introduc
during the doping process actually lies in the skin layer
thickness 100–200 nm.

For samples containing bulk layers of the ternary so
tion AlGaAs the maximum level of stable iron doping was
least two orders of magnitude greater than for pure Ga
This amount depends weakly on the growth temperature
crystallographic orientation of the substrate.

As the subsequent investigations showed, the doping
havior for multilayer heterostructures is substantially diffe
ent. Figures 1b and 1c show the doping profiles of samp
151 and 153, both of which contained a GaAs/AlGaAs
perlattice~30–35 periods of 7-nm GaAs/7-nm Al0.3Ga0.7As)
enclosed between thick~400-nm! layers of the ternary solu
tion Al0.3Ga0.7As. Iron doping was carried out continuousl
beginning at the middle of the first layer of ternary soluti
and ending at the middle of the second. The density of
molecular Fe beam corresponded to an extremely high l
of doping of the ternary solution; the iron source temperat
for both structures was 1010 °C. As Figure 1b shows,
sample 151, which was grown on a substrate oriented str
in the ~100! plane, the first layer of ternary solution is un
formly doped with iron to a concentration o
531018 cm23. At the boundary with the superlattice the F
concentration falls rapidly to 231016 cm23. This value re-
mains constant almost throughout the entire superlattice,
near the boundary with the second layer of ternary solutio
begins to rise. Immediately at the boundary the Fe conc
tration reaches 1020 cm23 and then falls to an equilibrium
value of 531018 cm23 in the interior of the ternary solution
The low maximum level of doping of the GaAs/AlGaAs s
perlattice seen in this sample agrees well with publish
data.1,3

The Fe concentration profile of sample 153, which w
grown on a substrate which deviated from the crysta
graphic~100! plane by 3° in the~110! direction differs strik-
ingly from the profile of sample 151.~The nominal dimen-
sional parameters, as well as the growth and dop
conditions, for samples 151 and 153 were almost the sa!
As Fig. 1c shows, the Fe concentration in sample 1
is constant in the entire doping region, without significa
jumps at the boundary between the superlattice and
ternary solution. The average Fe concentration h
is 331018 cm23. A comparison of Figs. 1c and 1b show
that using a substrate that deviates by 3° makes it possib
enhance the maximum Fe doping level in a GaAs/AlGa
superlattice radically~by more than a factor of 100!.

Despite the very high level of iron doping, the degree
structural perfection of the superlattice in sample 153 w
rather high. This conclusion was based on a study of
luminescence and absorption spectra of the doped sampl
m
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the neighborhood of the exciton transitions in the super
tice. Spectra of the undoped control sample 136, with
same structure, were recorded for comparison. Before
absorption spectra were recorded, the opaque GaAs subs
was selectively etched using the method described in Re
The luminescence was excited by a He-Ne laser and
corded using a DFS-24 spectrometer. An analysis of the
sulting spectra~Fig. 2! shows that the introduction of Fe int

FIG. 1. Heterostructure doping profiles.~a! Sample 73~a thick layer of
GaAs!; ~b! sample 151@superlattice on a substrate with orientation~100!#;
~c! sample 153~superlattice on a substrate with a deviation of 3° from t
~100! orientation!.
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the superlattice is not accompanied by a sharp deteriora
in its quality. The absorption and luminescence spectra
sample 153 contain distinct peaks at locations correspon
to the superlattice excitons. The widths of the exciton pe
and the Stokes shift are only 1.5 times the correspond
widths for the control sample. The widths of the excit
peaks of sample 151, which essentially contains no iron
the superlattice according to the SIMS data, are at leas
large as the corresponding values for sample 153. T
means that the main reason for the broadening is an ov
increase in the level of defects in the heterostructures a
ciated with doping, and not an interaction of the superlatt
excitons with iron atoms.

These experimental data yield certain conclusions ab
the mechanisms leading to formation of the iron doping p
file of the GaAs/AlGaAs heterostructures. The most und
standable is the process whereby Fe enters the bulk laye
pure GaAs and the ternary solution. The Fe ions, which h
a smaller ionic radius than Ga and a different coordinat
symmetry, are a nonisostructural impurity for crystalli
GaAs. Given this circumstance, we might expect that iron
a dopant impurity, would predominantly enter a site that h
lost its structural perfection, i.e., near structural defects
other impurities. Apparently precisely the concentration
these defects determines the maximum level of stable do
of Fe in epitaxial GaAs layers. The strong coupling w

FIG. 2. Absorption~1! and exciton luminescence~2! spectra of superlat-
tices.~a! Sample 136~undoped!, ~b! sample 153.
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defects inhibits diffusion of the dopant ions, which accou
for the presence of the sharp boundaries in the doping pr
of Fig. 1a. The excess iron ions which are not bound du
the growth process accumulate at the growth surface
partially diffuse into the depth of the material. These io
form the iron-enriched skin layer of the doped samples.

A ternary AlGaAs solution differs from pure GaA
in having an elevated impurity oxygen content
concentrations4 that can exceed 1017 cm23. In addition, in
the ternary solution fluctuations in the composition can p
the role of defects that couple Fe ions. It is entirely reas
able to assume that the combined effect of these factors
leads to the sharp increase in the maximum doping leve
AlGaAs.

Unfortunately, this simple model cannot explain the o
served iron doping behavior in GaAs/AlGaAs superlattic
Here we have, first of all, to refer to the extremely low ma
mum doping level for growth at a 0° substrate~Fig. 1b!.
Starting with the quantitative amount of ternary solution
the superlattice, we might expect a reduction by rough
factor of 2 in the Fe concentration compared to that in a th
layer of AlGaAs, while the concentration is actually mo
than two orders of magnitude lower. In addition, this mo
does not explain the radical increase in the maximum dop
level of the superlattices when the crystallographic orien
tion of the substrate deviates from the~100! plane~Figs. 1b
and 1c!. The main consequence of this deviation is a cha
in the form of the growth surface~terrace formation! and
heterojunctions. This implies that the very existence of al
nating heterojunctions and their form have a radical in
ence on the doping of GaAs/AlGaAs heterostructures w
iron. The available experimental data are clearly insuffic
for identifying the mechanism for this influence. It can on
be assumed that this mechanism is related to the condi
for surface diffusion of the dopant impurity atoms duri
epitaxial growth. Identifying the specific processes which
termine the maximum doping level in GaAs/AlGaAs hete
structures requires further study.

This work was supported by the Russian Fund for F
damental Research~Grants No. 97-02-18163 and 97-0
18339!.

*E-mail: efimov@snoopy.phys.spb.ru; Fax:~812! 428-72-40

1M. W. Bench, C. B. Carter, F. Wang, and P. I. Cohen, Appl. Phys. L
66, 2400~1995!.

2D. R. Dykar, D. J. Eaglesham, U. D. Keil, B. I. Greene, P. N. Saete, I
Pfeiffer, R. F. Kopf, S. B. Darac, and K. W. West, Mater. Res. Soc. Sy
Proc.241, 245 ~1992!.

3M. R. Melloch, C. I. Chang, N. Otsuka, K. Mahalingam, J. M. Wood
and P. D. Kirchner, J. Cryst. Growth127, 499 ~1993!.

4J. J. LePore, J. Appl. Phys.51, 6441~1980!.



SEMICONDUCTORS VOLUME 33, NUMBER 3 MARCH 1999
Ion neutralization effects at a semiconductor-insulator interface produced as a result
of space-charge thermal depolarization of MOS structures
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Numerical simulation is used to analyze the contributions of ion traps, ion neutralization effects,
and minority charge carrier generation near the insulator-semiconductor interface to the
temperature dependences of the currentJ(T) and high-frequency capacitanceCs(T) during
thermally stimulated depolarization of MOS structures. In general, even when the insulator
contains only one type of mobile ion, theJ(T) curves can have three peaks due to the
depletion of ion capture centers, the decay of neutral ion1electron associates, and minority charge
carrier generation. The temperature sequence of these peaks, and their number~down to
one!, are determined by the relationships among the activation energies for the corresponding
processes and the initial band bendingU0 in the semiconductor. Cases in which the
individual peaks merge, with accompanying broadening and symmetrization, can be mistakenly
interpreted in terms of the emergence of ion traps with an energy distribution. An analysis
of the families ofJ(T,U0 ,n0) andCs(T,U0 ,n0) curves (n0 is the initial density of particles, ions,
and neutral associates localized in the insulator at the interface with the semiconductor!
makes it possible to distinguish the purely ion phenomena from the electronic, as well as to
identify the contributions to the current from ion traps and neutralization effects, and, in principle,
to explain the observed evolution of the thermally stimulated depolarization peaks with
varying U0 andn0 , which has not yet received an adequate physical interpretation. ©1999
American Institute of Physics.@S1063-7826~99!01103-5#
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The observed features of ion transport in an insula
layer on a semiconductor surface indicate that electron
reactions in the boundary region play an important r
causing neutralization of ions through capture of electr
from the semiconductor into localized states formed by
ions and their dielectric medium.1 On the other hand, th
interpretation of transient ion depolarization processes, e
cially under thermal stimulation, is usually based either
the idea that ‘‘classical’’ ion capture centers exist at
semiconductor-insulator interfaces such that capture o
ion into them does not affect the electronic subsystem of
semiconductor,2–4 or on volume ion transport mechanism
through the dielectric layer such that the ion-electron in
action has no effect on the interfaces.5,6 In this regard, it is
interesting to trace the qualitative and quantitative effect
ion neutralization and ion traps on the thermally stimula
depolarization characteristics of MOS structures.

Let mobile, for concreteness positive, singly charg
ions be present in a dielectric layer on the surface of
n-type semiconductor. Under equilibrium conditions, in p
larizing fields they will all be concentrated at th
semiconductor-insulator interface, captured in traps,
neutralized~the last is caused by the rather high enrichm
of the surface region of the semiconductor!. After the depo-
larizing field is turned off, the equilibrium in the syste
breaks down and ions can migrate from the interface.
assume that the depolarizing field causes majority ch
depletion of the semiconductor surface, that the time of fl
3081063-7826/99/33(3)/5/$15.00
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of the ions through the insulating layer is short compared
their lifetime in the capture centers~these conditions are
clearly realized in sufficiently strong depolarizing fields!,
and that within the temperature range of concern, i
1electron neutral associates always remain bound at cap
centers. In other words, neutral associates or ions are fo
at the interface in localized states and only an ion can lea
a capture center. Depolarization will therefore be limited b
two processes, the release of ions from traps and the deca
neutral associates, either through transitions of electrons i
the conduction band of the semiconductor or through th
recombination with holes, which is more important for larg
band bending. The depolarization kinetics is described by
equations

dn

dt
52

ni

t i
e2Ei /T, ~1!

dni

dt
52ni H e2Ei /T

t i
1

1

tC
F Nd

NC
e2U/T1 e2E0 /TG

1
1

tV
Fe2~Eg2E0!/T1

p

NV
G J

1nF 1

tC
e2E0 /T1

1

tV

p

NV
G , ~2!
© 1999 American Institute of Physics
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and

dps

dt
5

1

tV
H niF e2~Eg2E0!/T1

p

NV
G2

np

NV
J

1
ND~z22z1!

tDC
e2ED /TF12 e~Eg2U !/T

Ndp

NCNV
G . ~3!

Heren, ni , andps are the surface densities of ions captur
by ion capture centers plus neutral associates (n), of ions
(ni), and of holes (ps); Nd andp are the volume concentra
tions of donors in the semiconductor and of holes imme
ately at its interface with the insulator;t is the time;Ei , E0,
andED are the activation energies for the ion traps, for ej
tion of electrons from neutral associates, and hole genera
through a volume center in a semiconductor with concen
tion ND8 , Eg is the band gap of the semiconductor,U is the
surface~depleted! band bending in the semiconductor;T is
the temperature in energy units;t i ,C,DC,V,DV

21 are the fre-
quency factors for the probabilities of emptying ion tra
(t i

21), of electronic transitions from a neutral associa
(tC

21) and from a volume hole generation center (tDC
21) into

the conduction band of the semiconductor, from the vale
band of the semiconductor into a neutral associate (tV

21) and
into a volume center (tDV

21); z1 andz2 are the coordinates o
the volume hole generation region in the surface deple
layer of the semiconductor with widthW; Nc andNv are the
densities of states in the conduction and valence bands; at
is time. In accordance with Refs. 7 and 8,z1 andz2 are given
by

U

T
5

~W2z1!2

2Ld
2

1 ln S p e~Eg2ED!/T

NV
11D ,

~W2z2!2

2Ld
2

5S Eg2ED2F

T D1 ln u, ~4!

whereLd5(ksT/4pq2Nd)1/2 is the Debye shielding length
ks is the dielectric constant of the semiconductor,q is the
unit charge,F5Tln(NC /Nd) is the Fermi energy in the bulk
of the semiconductor, andu5tDV /tDC . The relationship be-
tweenp, ps , W, andU is found from an empirical approxi
mation to a solution of the Poisson equation expresse
quadrature form7,8

p52pq2/~ksT!~ps
212psNdW!,

U

T
5

W2

2Ld
2

12 lnS ps

W
11D . ~5!

Equations~1!–~5! must be supplemented by the equation
electrical neutrality,

qVg5U14pq2h/k i~ni1ps1NdW!, ~6!

whereVg5const is the potential of the field electrode, andh
andk i are the thickness and dielectric constant of the in
lating layer.~The conditionVg5const is fundamental during
the intense generation of minority charge carriers co
sponding to heavy nonequilibrium depletion, since when
i-

-
on
-

e

n

d

in

f

-

-
e

high frequency capacitance of the MOS structure is held c
stant, i.e.,W5const, it is impossible to obtain an equilibrium
state of the system.6!

The relaxation signals which show up in experimen
~the current densityJ and specific rf capacitanceC of the
MOS structure! are given by

J5
qni e2Ei /T

t i
1q

d

dt
~ni1ps1NdW!

C215Ci
211Cs

21 , Ci5k i /4ph, Cs5ks/4pW.

Let us examine the dependencesJ(T,U) and C(T,U)
for a linear temperature scan~thermally stimulated depolar
ization withT5T01kbt, whereT0 is the initial temperature,
k is Boltzmann’s constant, andb5const is the rate of heat
ing! obtained by numerical solution of the system of equ
tions ~1!–~6! for an MOS structure on Si with the following
typical parameters:h51025 cm, k i53.9, Nd51015 cm23,
ks511.9, Eg51.12 eV, NC52.831019(T/300k)3/2 cm23,
NV51.0431019(T/300k)3/2 cm23, andND51015 cm23. The
calculations were done forT0 /k5100 K in the system of
dimensionless variablest/t i , n/n0 , ni /n0 , ps /n0 ,
W/n0Nd

21 , z1 /n0Nd
21 , andz2 /n0Nd

21 , wheren0 is the ini-
tial (t50) total surface density of the ions and neutral as
ciates. The the values of the current and capacitance g
below have therefore been orthonormalized:J̃⇒J/(qn0t i

21)
and C̃s⇒Cs /(ks/4pn0Nd

21). All the preexponential factors
were assumed to be equal (t i5tC5tDC5tV5tDV), since it
was assumed that the ion lifetime at the traps and the de
lifetime of the neutral associates, as well as the volume
of hole generation, are determined mainly by the activat
energiesEi , E0, and ED . The valueb54.46310210/t i

~deg/s! corresponded to thermally stimulated depolarizat
conditions for all the activation energies which appear in
calculations.

Qualitatively, depending on the relationship between
activation energies for the ion traps (Ei) and for the decay of
the neutral associates (Ẽ0), two situations occur.@Clearly, if
the volume mechanism for hole generation predomina
then Ẽ05E0 (E0,ED) and Ẽ05ED (E0.ED).# If Ei2Ẽ0

@T, then initially the neutral associates break up and
ions produced by this breakup are then freed from the tra
Accordingly, two current peaks should be observed in
thermally stimulated depolarization curve: a low-temperat
electron peak~decay of the neutral associates, peakA) and a
high-temperature ion peak~emptying of the ion traps, pea
B). If Ẽ02Ei@T, then the limiting stage of thermally stimu
lated depolarization is the breakup of the neutral associ
and the thermally stimulated depolarization curves sho
contain only one peak with both electron and ion comp
nents. In principle, in both these cases a current peak th
unrelated to ion transport can appear as a result of the
eration of holes which can accumulate after the breakup
neutral associates.

Figure 1 shows thermally stimulated depolarizati
curves J̃(T) for n051011 cm22, Ei2Ẽ0@T, and various
values of the initial band bendingU0 in the semiconductor.
The thermally stimulated depolarization current has t
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peaks,A ~due to breakup of neutral associates!, whose am-
plitude rises asU0 increases andB ~due to emptying of ion
traps!, whose amplitude depends only weakly onU0. The
behavior of these peaks asU0 changes is different: with in-
creasingU0 peak A shifts toward higher temperatures an
becomes progressively more asymmetric and peakB moves
toward lower temperatures and becomes ever more symm
ric. The basis for this behavior is the following: for lowU0,
neutral associates in the neighborhood of peakA do not
break up completely because a quasiequilibrium develop
the electron subsystem at the interface due to a reductio
the band bending caused by an increase in the ion cha
density. In particular, forU0/300k515, 20% of the neutral
associates break up@Figure 1, the functionni(T), curve3#.
With increasingU0, a quasiequilibrium is attained at gradu
ally increasing temperatures and densities of the ions form
by breakup of the neutral associates~for U0/300k560, all
the neutral associates have already broken up!. Therefore, the
increase in the amplitude of peakA is related to an increase
in the number of neutral associates that break up, and its s
is related to an ever later approach of the system to qu
equilibrium. For the largest band bendings, the quasiequi
rium sets in after complete breakup of the neutral associa
so that peakA acquires the asymmetric shape characteris
of the kinetics of first-order, thermally stimulate
depolarization.9 PeakB develops because of the emptying o
the ion traps. Thus, for lowU0 the loss of an ion from the
interface stimulates increased band bending and, thereb
shift of the quasiequilibrium of the electronic subsystem t
ward more rapid breakup of the neutral associates, wh
causes filling of the emptied ion traps. This shows up a
‘‘delay’’ in the emptying of the traps, which is less when th
initial band bendingU0 is greater. As a result, with increas
ing U0, peakB shifts toward lower temperatures. For larg
U0, hole generation under quasiequilibrium conditions is im
portant.~SinceEi2ED@T, the hole generation time is muc
shorter than the ion lifetime in the traps.! The emptying of

FIG. 1. Thermally stimulated depolarization curvesJ̃(T) for different initial
band bendingsU0 and a typical temperature dependence of the ion dens
ni at the interface. The computational parameters aren05131011 cm22,
Ei /300k538 ~0.98 eV!, E0/300k523 ~0.59 eV!, ED/300k530.3 ~0.78 eV!
~these activation energies are typical for ann-Si/SiO2 system3,4,7!; U0/300k
(U0, eV!: 15 ~0.39! ~curves1 and3!, 60 ~1.55 ~curve2!.
et-
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the ion traps causes increased band bending and, the
additional hole generation, so that the symmetrization
peakB with increasingU0 is related to the contribution o
holes to the thermally stimulated depolarization curre
which is more important in the decaying side of the peak

Figure 2 shows plots ofC̃s
21(T), i.e., of the temperature

dependence of the width of the depletion layer of the se
conductor. For lowU0, when hole generation is unimportan
the initial and final charge states of the interface are ess
tially the same: the hole charge on the interface prior
thermally stimulated depolarization is zero and close to t
after it is complete. Thus, the initial and final states ofC̃s are
close. For higherU0, the role of hole generation increase
substantially, especially at high temperatures. As a res
even for relatively lowU0, a maximum appears in th
C̃s

21(T) curves because the hole generation rate exceeds
rate of loss of the ions from the interface. For still high
initial band bending, this maximum vanishes.

Changingn0 in the volume does not lead to any fund
mental modifications in this behavior. With increasingn0,
the process of establishing a quasiequilibrium in the el
tronic system at the interface has a stronger effect on
characteristicsJ̃(T) and C̃s

21(T), while hole generation is
less important. Thus, the quasiequilibrium corresponds t
certain number of charged particles~ions, formed as a resul
of the breakup of neutral associates!, which depends weakly
on n0. Thus, whenn0 increases from 1011 to 1012 cm22

~band bendingU0/300k515), the fraction of the neutral as
sociates which break up in the neighborhood of peakA de-
creases~from 20 to 3%!, while the ratio of the amplitudes o
peak A and peakB drops sharply~Fig. 3!, so that under
actual experimental conditions peakA may seem unresolv
able against the background of peakB. For equal initial band
bending, the final~after completion of thermally stimulate
depolarization! densities of holes are the same, and the eff
of hole generation on the rising side of theC̃21(T) curve

y

FIG. 2. Temperature variation of the reciprocalC̃s
21 of the capacitance of

the depletion layer of the semiconductor.U0/300k (U0 eV!: 5 ~0.13! ~curve
1!, 15 ~0.39! ~curve 2!, 30 ~0.77! ~curve 3!. n0 , Ei , E0 and ED are as in
Fig. 1.
s
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311Semiconductors 33 (3), March 1999 Goldman et al.
diminishes. In particular, forU0/300k530 (n051012 cm22),
this side still exists, while byn051011 cm22 it has vanished
~Fig. 2!.

In the case ofẼ02Ei@T, there is a single peak inJ̃(T).
Since it was assumed in the calculations thatE02ED@T,
thermally stimulated depolarization proceeds under qu
equilibrium conditions at the interface of both the electr
and hole subsystems, and the amplitude of the current p
increases asU0 rises ~Fig. 4!. Under these conditions th
neutral associates break up mainly through recombina
with holes, which are able to accumulate near the interf
only after the almost complete breakup of the neutral as
ciates. The thermally stimulated depolarization current
then limited solely by the hole generation rate, which is d

FIG. 3. Temperature dependences ofJ̃ ~1! and ni ~2! for n051012 cm22,
U0/300k515 ~0.39 eV!. Ei , E0 , andED are as in Figs. 1 and 2.

FIG. 4. A family of thermally stimulated depolarization curvesJ̃(T) for
different initial band bendingsU0 and a typical temperature dependence
the ion densityni(T) at the interface. The computational parameters
n051011 cm22, Ei /300k523 ~0.59 eV!, E0/300k538 ~0.98 eV!, ED/300k
530.3 ~0.78 eV!, and U0/300k (U0, eV!: 15 ~0.39! ~curves1 and 4!, 30
~0.77! ~curve2!, and 60~1.55! ~curve3!.
si-
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termined byED . Therefore, the activation energy for the i
current on the rising side of the thermally stimulated de
larization curves is equal precisely toED ~and notEi or E0),
i.e., to an activation energy that has no direct connec
with ion processes. Here a situation which is not typica
thermally stimulated depolarization arises – the rising sid
the current peak is determined exclusively by an increas
the ion densityni , which depends on the balance betwe
the breakup of the neutral associates~through recombination
of trapped electrons with holes! and the ejection of ions from
traps, and not by a reduction in the ion lifetime in the trap
T increases. There is no significant accumulation of ion
the traps and the thermally stimulated depolarization cur
is essentially proportional toni ~Fig. 4, curve4!.

Figure 5 shows the series of correspondingC̃s
21(T)

curves. In contrast with the previous case~Fig. 2!, they have
no rising side, which is as it should be because under q
equilibrium conditions the place of an ion that has left
interface is almost instantly filled by a hole. In other wor
these curves reflect the accumulation of holes at the inte
and, asn0 increases, the transition from a plateau to
falling side is shifted to higher temperatures and the shap
the current peak changes: its fall becomes ever sharper,
the equilibrium of the system sets in only when an equi
rium hole density has been attained and at a higher rat
higher n0 and U0.7,10 With increasingU0, the drop in the
C̃s

21(T) curves becomes steeper due to an increase in
hole generation rate which is proportional to the width of
depletion layer.

Therefore, in the most general case, even when only
type of mobile ion is present in the insulator, three curr
peaks can appear in the thermally stimulated depolariza
curves due to the breakup of neutral associates~activation
energyE0), emptying of ion traps~activation energyEi),
and the generation of holes, the minority charge carriers~ac-
tivation energyED). Depending on the relationships amo
the values ofED , Ei , andE0, the ‘‘hole’’ peak can eithe

f
re

FIG. 5. Temperature dependence of the reciprocalC̃s
21(T) of the capaci-

tance of the depletion layer of the semiconductor.U0/300k (U0, eV!: 15
~0.39! ~curve1!, 30 ~0.77! ~curve2!, 60 ~1.55! ~curve3!. n0 , Ei , E0 andED

are as in Fig. 4.
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312 Semiconductors 33 (3), March 1999 Goldman et al.
precede, follow, or merge with the peak that is associa
with purely ionic effects.1 Merging ~with corresponding
broadening! of two or three peaks may be erroneously int
preted as caused by the presence of ion traps with an en
distribution on the semiconductor-insulator interface, but,
these calculations have made clear, an analysis of the f
lies of J̃(T,U0 ,n0) andC̃s(T,U0 ,n0) curves can be used t
separate the purely ionic and electronic phenomena, esta
~even from the qualitative shape of the thermally stimula
depolarization curves! the contributions of ion traps and neu
tralization effects to the current, and determine the activa
energies of the corresponding processes. Here it is usef
employ several well-known and extremely effective expe
mental techniques~initial heating, factional ‘‘purification,’’
varyingb, etc.! which, unfortunately, have hardly been us
for studying thermally stimulated depolarization in Si MO
structures. If a single peak appears in the thermally stim
lated depolarization curves, this may mean thatẼ02Ei@T.2

Then, if E0.ED , the thermally stimulated depolarizatio
current is limited solely by the hole generation rate, which
determined by the activation energyED , while the amplitude
of the current peak is doubled, since the loss of an ion fr
the interface takes place simultaneously with the arrival o
hole, i.e., at the same time as the electron leaves in a d
tion opposite to the displacement of a positive ion. In t
case, relaxation experiments cannot be used to determin
activation energy for ion depolarization.

We have examined the case of discrete activation e
giesE0 andEi for greater physical clarity, assuming that,
a polarized insulator, the ions and neutral associates are
ated right at the interface. In reality, traps and, therefore, i
and neutral associates, can be distributed over the volum
the insulator near its interface with the semiconductor.1,11

The thermally stimulated depolarization peaks will then
broadened because of the probability distribution
electron-ion tunneling exchange between the semicondu
d
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ish
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n
to
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and the insulator. Broadening of the thermally stimulat
depolarization peaks can also be caused by the dispe
character of ion transport in the volume of the oxide.12 For-
mally, this type of broadening can be attributed to the pr
ence of ion capture centers with an energy distribution n
the interface. Therefore, the general pattern of the beha
of J̃(T) andC̃s(T) may turn out to be more complicated an
then, without the ideas developed here and in Ref. 1, i
impossible to successfully ‘‘decipher’’ it and, in principle, t
explain the observed evolution of the thermally stimulat
depolarization peaks with varyingU0 and n0,4,5 which has
not yet received an adequate physical interpretation.

1!Isolated hole peaks are not shown in theJ̃(T,U0 ,n0) curves presented
here, since their appearance in the temperature range correspondingED

is physically obvious and has been discussed in detail elsewhere.7 Here we
have analyzed the more interesting intermediate cases in which holes
a direct contribution to the thermally stimulated depolarization peaks.

2!The qualitative criteria for this regime are evident from Fig. 4 and
corresponding text.
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Selective doping in hydride epitaxy and the electrical properties of quantum-well
Ge/GeSi:B heterostructures

L. K. Orlov, R. A. Rubtsova, and N. L. Orlova

N. I. Lobachevski� Physics and Engineering Research Institute, 603600 Nizhny Novgorod, Russia
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The transport properties of different groups of charge carriers in the conducting channels of
periodic Ge–Ge12xSix heterosystems grown by hydride epitaxy on germanium are studied as
functions of the structural parameters. The results are used to discuss the problem of
selective doping of nanometer layers during hydride epitaxy. ©1999 American Institute of
Physics.@S1063-7826~99!01203-X#
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Stressed quantum-well heterocompositions based on
elementary semiconductors Si and Ge and their solid s
tions are of great interest because of their possible us
modern silicon electronic devices. Especially notewor
progress has been observed in microelectronics, where c
paratively recently Ge–Si heterostructures grown
molecular-beam epitaxy~MBE! have been used to crea
high-speed heterobipolar transistors1,2 with switching times
close to those for the best GaAs devices. There is also s
interest in the possibility of creating field-effect transisto
with high electron and hole mobilities based on selectiv
doped n-type Si/Si12xGex heterostructures with a two
dimensional charge carrier gas in the transport channels.
vances in this area withn-type Si/Si12xGex heterostructures
have been discussed by Kuznetsovet al.3 An attempt has
been made to obtain the maximum hole mobility f
germanium-silicon compositions based on a Ge/Si12xGex

system with the possibility of creating a field-effect transis
with two-dimensional holes.4

In the last decade considerable effort has been expen
in studying the transport properties, subject to the quan
Hall effect, of two dimensional holes in selectively dop
Ge/Ge12xSix heterosystems grown on germanium. Stud
are currently under way in the far infrared on the microwa
properties of these structures when the charge carrier g
heated by a pulsed electric field.7–9 The efforts in this area
aimed at creating thin-film lasers based on hot, tw
dimensional holes require more attention to the transp
characteristics of systems in low fields in order to underst
the details of the current flow channels and to refine
understanding of the scattering of charge carriers in them

On the other hand, until now hydride epitaxy at atm
spheric pressure in a reactor10 has mainly been used to gro
Ge/Ge12xSix structures. For a number of objective reaso
this method does not allow fabrication of structures with
sharp compositional profile.~The spreading out of the he
erojunctions in this system is as large as 3–4 nm.11! The
transition from MLE to gaseous phase epitaxy technique
a necessary step on the way to industrial manufacture
3131063-7826/99/33(3)/5/$15.00
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these structures. In this regard, the clarification of all, inclu
ing the not particularly attractive, features of heterostructu
grown by gaseous phase techniques, along with their cau
is an important aspect of the development and improvem
of the technology.

Based on previously published studies, including so
by electrical methods, in an earlier paper11 we showed what
kind of limits may be imposed on studies of the electron-h
states in layers of Ge/Ge12xSix structures grown by hydride
epitaxy as a result of the spreading of the compositional p
file over the superlattice period. Our purpose in this stu
was to investigate the dependence of the hole mobility in
Ge layers of these heterostructures on the impurity conc
tration level in the barrier layers and to estimate the deg
of spreading of a selectively dopedd-layer over the super-
lattice period. Experimental Hall effect studies were carr
out on samples of selectively boron-doped superlatti
(Ge/Ge12xSix : B! grown by hydride epitaxy at atmospher
pressure.5–10 The maximum concentration of boron atoms
the solid solution layers was varied over 101721019 cm23.
Tables I and II list the parameters of the structures: the
content in the layers (x), the superlattice period (dSL) and
number of periods (N), the Hall mobility (mH), and the sur-
face concentration (ps). The experimental results are com
pared with the results of a theoretical analysis.

The theoretical analysis includes a calculation of t

TABLE I. Structural parameters of the first series.

Sample x, N dSL , mH , cm2/~V•s! ps ,
number at.% nm (T577 K! 1010 cm22

1256 6.0 72 45.5 15000 8.4
1261 7.4 72 53 20580 7.9
1263 7.0 72 70 14160 14.5
1264 10 81 39 10670 12.2
1265 6.0 81 44.5 9560 5.5
1266 6.6 64 50 11590 3.8
1274 8.0 81 59.5 10490 39
1275 6.5 81 57 8090 44
© 1999 American Institute of Physics
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concentrations of the different charge carrier groups in
conducting channels of the superlattice period including
shape of the potential, followed by a calculation of th
mobilities. The shape of the potentialf(x) was calculated
over the period of the structure by numerically solving t
Poisson equation for sharp heterojunctions in the system

d2f

dz2
5

4pe

« i
H NciF0.5S EF2Eg2ef

kT D
2Nli F0.5S ef2EF

kT D2NhiF0.5S ef2EF

kT D1NaiJ .

~1!

Here F0.5(ef) is the Fermi integral,EF is the Fermi con-
stant,Nci is the density of states of the electrons in thei th
layer of the conduction band,Nli andNhi are the densities o
states of the light~l! and heavy~H! holes in the valence ban
of the i th layer, andNai is the acceptor concentration in th
i th layer. The splitting of the hole subbands in the germ
nium layers was estimated using the method described
Orlov et al.12 The characteristic shape of the potential ov
the period of the structure is plotted in Fig. 1 as a function
the dopant impurity concentration for samples from the fi
series~Table I! and at two temperatures for sample 11
from the second series~Table II!.

The hole concentrationspl ,h
i in the individual layers

were determined by integrating over the thicknessdi of the
i th layer of the heterostructure,

pl ,h
i 5~1/di !E

di

pl ,h~z!dz. ~2!

The calculated variations in the concentrations of
different kinds of holes with the doping level in the laye
are shown in Fig. 2a. The characteristic temperature de
dences of the hole concentrations for sample 1125 are sh
in Fig. 2b. A stepwise doping profile of the Ge and Ge12xSix
layers is assumed.

The mobilities of thej th group of holes in the layers o
the structure were calculated, for simplicity, using the form
las

m j51/~1m1 j11/m2 j11/m3 j11/m4 j !, ~3!

where

m1 j5et/mj52000@mh~Ge!/mj #~T/300!22.3 ~4!

is the component of the mobility associated with scatter
on acoustic and optical phonons,13

TABLE II. Structural parameters of the second series.

Sample x, N dSL , mH , cm2/~V•s! ps ,
number at.% nm (T577 K! 1011 cm22

1121 3.5 1 45 2330 30.7
1122 3.5 5 45 5360 4.31
1123 3.9 15 41.6 7480 2.34
1124 4.7 27 40.3 7840 2.5
1125 4.8 35 36.5 8830 2.3
e
e
r

e

-
by
r
f
t

e

n-
wn

-

g

m2 j5~5.16631014!/~Na j
0.64!~T/300!0.625 ~5!

is the component associated with scattering on the ion
impurity ~the Brooks–Herring formula!,14

m3 j5e3mj /20« jh
3N0 ~6!

is the component associated with scattering on neutral im
rities with concentrationN0,15 and

m4 j5aT20.5/x~12x! ~7!

is the component associated with fluctuations in
composition.15

Attainment of the highest possible charge carrier mob
ties in the system is, to a great extent, the basis of its pos
use in practical microelectronics devices.

In a Ge/Ge12xSix structure with ideally sharp changes
the compositional profile and in the concentration of the d
ant impurity, one might expect a substantial rise in the m
bility of two-dimensional holes, both with the increase in t
depth of the quantum wells as the percent content of sili
in the solid solution layers is increased11 and with the in-

FIG. 1. The shape of the potential over a period of the superlattice~a!
Calculation for the samples from Table I forT577 K andNa~GeSi! (1017

cm23): 1 ~1!, 3 ~2!, 6 ~3!; ~b! calculation for sample 1125 from Table II a
T54 K ~2! and 200 K~1!
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crease in their concentration in the transport channels du
screening of the background scattering centers and a re
tion in their effective scattering cross section.

In the periodic Ge/Ge12xSix heterostructures under dis
cussion here, however, the experimentally observed de
dence of the Hall mobility of the holes,mH , on their surface
concentrationps is different. Most often~Fig. 3! a drop in
the mobilities of the holes in the superlattice is observed
their concentration in the germanium layers increases,
though throughout the doped region their mobility excee
the hole mobility in the bulk germanium~solid curve in Fig.
3; Ref. 16!. That the hole mobilities in Ge/Ge12xSix
superlattices17 and homogeneous germanium16 decrease in
the same fashion suggests that scattering on impurity cen
predominates in both cases.

Figures 3b and 3c show our experimental data wh
illustrate the way the hole mobility depends on their to
concentration in the conducting channels atT577 K ~4.2 K!
for the samples listed in Tables I and II. The structures in
first series~Table I! were grown under approximately th
same conditions, and only a flux of diborane was used
making them, which resulted in a different levelNa of selec-
tive doping. The second series of structures, listed in Ta

FIG. 2. Concentrations of heavy holes in layers of Ge12xSix ~1! and Ge~2!
and of light holes in Ge layers~3!, calculated for samples in series 1~Table
I! as functions of the doping level of the Ge12xSix layers forT577 K ~a!
and for sample 1125~Table II! as a function of temperature~b!.
to
uc-

n-

s
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e
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II, differs in the total number of periods in the superlattice.
this case, the hole concentrationps in the superlattice varied
because of surface band bending. The hole concentra
rose especially strongly when the number of superlattice
riods was reduced to unity, simultaneously sharply lower
the mobility of the holes in the channel~Fig. 3c!, perhaps
because of scattering on a random surface potential.

Studies in high magnetic fields5,6 of the transport prop-
erties of Ge/Ge12xSix structures grown by hydride epitax
show that, despite the spreading out of the profile, the h
in these systems are two dimensional. Thus, the obse
drop in hole mobility in the conducting channels of germ
nium in a multilayer heterostructure as the dopant impu
concentration is raised can be related both to a rise in
number of heavy holes in the channels~Fig. 2a! ~the Fermi

FIG. 3. The hole mobilitym in Ge/Ge12xSix structures as a function o
concentration. Experimental data~points!: ~1! samples from series 1~Table
I!, ~2! samples from series 2~Table II!. Solid curves:~a! experimental de-
pendence on the volume hole concentrationp for bulk Ge;16 ~b and c!
calculated at 77 and 4 K, respectively.
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level in the Ge layer is raised and fills the upperh-subband
with carriers! and to their more effective scattering on stru
tural defects. The solid curve in Fig. 3b was calculated
the case of lightly doped germanium layers.~The back-
ground doping level of the germanium layers is independ
of the doping level in the layers of solid solution and rema
rather low at;131016 cm23.! It is clear that allowance for
only the mechanism associated with a redistribution of
holes among the subbands does not guarantee the exper
tally observed drop in mobility. More likely, by analogy wit
silane,11 the pulse of diborane spreads out in the continu
flow of germanium, which accounts not only for the fini
width of thed-layerbut also for the additional impurity back
ground in the germanium layers of the superlattice. Incre
ing the diborane flux causes a rise in the doping level of
Ge12xSix layers and, accordingly, in the background imp
rity level in the Ge layers; this in turn causes a rather s
stantial drop in the mobility of the two dimensional holes

In the conventional continuous growth regime, therefo
the leading edges of the pulsed diborane flux spread

FIG. 4. Calculated temperature dependences of the mobilitym ~a! and con-
ductivity s ~b!. Calculations for~1! heavy holes in Ge12xSix layers, ~2!
heavy holes in Ge layers, and~3! light holes in Ge layers; the dashed curv
is the sum for all carrier groups;~4! experiment.
r
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causing underdoping of the spacers and the Ge conduc
channels. A comparison of our data with the correspond
curves observed in uniformly doped germanium single cr
tals ~Fig. 3a! indicates that the background impurity conce
tration level in the Ge layers is roughly an order of mag
tude lower than the concentration of free holes in them~i.e.,
lower than the concentration of the dopant impurity in t
Ge12xSix layer!. Therefore, the characteristic magnitude
the spread of the impurity over the period of the structu
~the distance over which the doping level drops by a facto
3! is roughly 3-4 nm~the spacer thickness!, in agreement
with an earlier estimate11 of the spread of silicon.

Allowance for this factor, along with the calculated co
centrations of the various groups of holes, makes it poss
to compute a temperature dependence~Fig. 4a! of the mobil-
ity, consistent with the experimental data, and to evaluate
contributions of the different scattering mechanisms over
entire temperature range that was studied. A numerical si
lation for a large number of samples showed that at l
temperatures the scattering of holes in the germanium la
is the main factor limiting their mobility.

In conclusion, we note the temperature dependence
the conductivity at low temperatures. It is clear that here
has a distinct maximum. The rise in the conductivitys(T) in
the initial segment is related to the increased mobility of
light holes due to a reduction in the role of impurity scatte
ing ~Fig. 4a!. The drop at higher temperatures is caused b
redistribution of the charge carriers among the subband
the germanium layer~the concentration of heavy holes in th
upper subband increases; see Fig. 2b!. Since at temperature
below 50 K the lattice separation is unimportant, the latt
temperatureT in Fig. 4b can be replaced by the electro
temperatureTe , which is proportional to the effective elec
tric field E. We can then consider this curve as the curre
voltage characteristic of the structure and the mechani
responsible for its shape account for the oscillations in th
current observed experimentally by Aleshkinet al.18

We wish to thank the Russian Research~Grant No. 96-
02-19278! and INTAS ~Grant No. 96-0580! for supporting
this work.
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Photoluminescence and transport properties of multilayer InAs/GaAs structures
with quantum dots
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The transport and optical properties of InAs/GaAs structures with quantum dots on a vicinal
surface have been investigated as a function of InAs content. It was found that the quantum dots
form two-dimensional hole or electron layers, from which the Shubnikov–de Haas effect
was observed. The temperature dependence of the resistance was measured in the@110# and@ 1̄10#
directions in the temperature range 4.2–300 K, and the anisotropy of the conductivity was
found. Strong localization occurs when electrons are trapped in InAs dots. The spectra of in-
plane photoluminescence showed strong polarization of the quantum-dot radiation.
© 1999 American Institute of Physics.@S1063-7826~99!01303-4#
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1. INTRODUCTION

The properties of electrons in one-dimensional structu
~quantum filaments! and zero-dimensional structures~quan-
tum dots! are attracting great interest because of poss
applications,1,2 and because interesting fundamental pro
lems are associated with them.3,4 An effective means of ob-
taining quantum dots, in which the electron and hole mot
is quantized along all three directions, is to allow homog
neous islands of InAs to be formed by elastic stresses in
process of heteroepitaxial growth on a GaAs surface.5–8 The
optical properties of such structures with quantum dots
being studied extensively because they can be used
devices.1,2 The transport properties of these structures h
been less thoroughly studied. In this paper we present
results of an experimental study of the low-temperat
transport properties and the photoluminescence spec
along the plane of layers of InAs/GaAs quantum dots.

2. MEASUREMENT PROCEDURE AND SAMPLES

The structures were grown by organometallic–hydr
epitaxy at temperatures in the range 600–650 °C in
atmospheric-pressure reactor from trimethyl indium, tri
ethyl gallium, and arsenic on semi-insulating GaAs su
strates inclined at an angle of 3° from the~001! plane toward
the @110# direction. The samples contained from ten
twenty layers of InAs quantum dots, separated by GaAs b
riers 0.1mm thick. Then-type samples were not especial
doped, and thep-type samples contained a delta-layer of c
bon in the barriers. The thickness of the spacer was 5–6
The structures were covered from above by a GaAs layer
mm thick. Certain parameters of the samples are show
Table I. The quantum dots begin to form when the amoun
InAs on the growth surface exceeds 0.8 of a monolayer.9 The
photoluminescence spectra were measured at tempera
T5300 and 77 K with excitation by a He–Ne laser. T
excitation level was 1021photon/cm2sec. The transport mea
surements were made on square samples with sides alon
3181063-7826/99/33(3)/5/$15.00
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@110# and @ 1̄10# directions and on samples in the form
double Hall bridges of two different orientations. The te
perature dependences of the resistance were measured
temperature range 1.6–300 K, and the Shubnikov–de H
effect, the magnetoresistanceDr(B), and the Hall coefficient
RH were measured in magnetic fieldsB up to 10 T, created
by a superconducting solenoid.

3. RESULTS OF THE MEASUREMENTS AND DISCUSSION

3.1. Optical properties of the structures

The size of the quantum dots, 5–7 nm, was determi
from the maximum of the photoluminescence spectrum,
ing the theory developed in Refs. 3 and 8. The photolu
nescence spectra in these papers were calculated fo
empty isolated dot. In the test samples, the states at the
were filled with charge carriers, and therefore the quo
sizes are only a rough estimate. The interaction of adja
dots can be reduced to the broadening of the levels and
formation of a two-dimensional zone. In the tight-bindin
model, the broadening equals 2NI, whereN is the number of
nearest neighbors,I 5*w* (r1h)V(r )w(r )dr is the overlap
integral, w is the electron~hole! wave function of a single
quantum dot, andh is a translation vector.10 To estimate
overlap integralI , V(r ) can be replaced with the value of th
discontinuity of the conduction bandDEc for electrons and
of the valence bandDEv for holes. For two tangential base
of the quantum dots, the overlap of the electron wave fu
tions is less than 2%, and that of the hole wave function
less than 1.5%.8 The overlap integral is thus less tha
0.02DEc for electrons and less than 0.015DEv for holes. The
level broadenings are hence 138 meV for electrons
30 meV for holes; i.e., the maximum of the photolumine
cence spectrum does not shift by more than 90 meV, whic
comparable to the experimentally observed value. The s
of photoluminescence spectra is even less because o
Coulomb interaction, since the electron and hole levels s
© 1999 American Institute of Physics



Haas

319Semiconductors 33 (3), March 1999 Kulbachinski  et al.
TABLE I. Parameters of the samples.

Sample Type of Np hnmax, Quantity of NQD , r' , r' /r i nH , nSH,
number conductivity eV InAs in the layer, ML 1011 cm22 V/h 1011 cm22 1011 cm22

1 12 1.38 2.35 7.4 ••• ••• 0.58 •••
2 p 10 1.36 2.5 6.8 1270 2.18 2.7 •••
3 20 1.34 4.6 30 954 ••• 2.4 2.6
4 10 1.415 2.25 10 1057 1.19 5.3 4.8
5 20 1.345 4.3 39 41000 1.5 0.30 •••
6 12 1.41 2.1 8.3 8290 1.89 0.36 •••
7 n 10 1.37 3.0 10 2120 6.87 1.08 1.9
8 10 1.41 2.4 9.5 385 2.08 1.20 1.5
9 15 1.28 4.7 11 7800 5.3 1.60 2.2
10 10 1.38 2.3 7.3 574 3.42 1.91 2.6

Note: Np is the number of periods in the structures,hnmax is the energy of the maximum in the photoluminescence spectrum atT577 K, ML50.325 nm is

the thickness of a monolayer of InAs,NQD is the concentration of quantum dots per layer,r' andr i are the resistivities in the@110# and@11̄0# directions at
T54.2 K; nH is the Hall concentration of current carriers per layer,nSH is the concentration of current carriers, determined from the Shubnikov–de
effect.
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in the same direction in doped structures. The estimate o
size of the quantum dots made at the beginning of the p
graph is thus quite acceptable. The same size of the quan
dots and their ordering along the terraces are obtained on
test structures by directly measuring them with a tunnel
atomic-force microscope.1!

The width of a terrace on a vicinal surface with a diso
entation angle of 3° is theoreticallyd55.6 nm in the case o
GaAs. In practice, there is a distribution over width whi
was studied in Refs. 11 and 12 as a function of the disor
tation angle. There are always larger terraces in the sam
and this causes quantum dots with a size greater than
theoretical value ofd to appear.

Figure 1a shows the setup for measuring the photolu
nescence. To compare the radiation of the quantum dots
that of a quantum well, an In0.2Ga0.8As quantum well with a
width W55 nm was added to one of the samples. The p
toluminescence spectrum of this sample is shown in Fig.
As can be seen from the figure, the radiation of the quan
dots and that of the quantum wells are well separated.
polarization of the photoluminescence from the quant
well is observed, whereas the photoluminescence of the l
of quantum dots is strongly polarized in the plane of t
structures~no photoluminescence polarization is observ
from an individual quantum dot!. This fact is unexpected
since recombination with the participation of heavy ho
states, giving radiation polarized in the plane of the structu
is identically inherent to quantum wells and quantum do
The observed phenomenon can probably be explained by
difference in the degrees of mixing of the heavy hole sta
at the heteroboundaries in layers with a differe
structure.13,14

Figure 2 shows the photoluminescence spectra at 7
for p-type samples 1, 2, and 4~Fig. 2a!, and for n-type
samples 7, 9, and 10~Fig. 2b!. The solid curves show the
intensity of the emitted light in the plane of the structures
the @110# direction with polarizationE'@001#, and the
dashed curves show the intensity of the emitted light in
same direction but with polarizationEi@001#. The light emit-
ted in the@001# direction is not polarized~the dot–dashed
curve for sample 9!. The photoluminescence intensityI pl on
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the right-hand side of the peaks is proportional
exp(2hn/kT), which corresponds to a Boltzmann distrib
tion. The half-width of the photoluminescence spect
amounting to 20–60 meV, is evidence that the sizes of
quantum dots are scattered and it is independent of temp

FIG. 1. ~a! Layout for measuring the photoluminescence spectra;~b! depen-
dence of photoluminescence intensityI pl at T577 K on photon energyhn
in a structure with a quantum well In0.2Ga0.8As with width W55 nm and a
layer of quantum dots with an effective thickness of three InAs monolay
The solid curve shows the light intensity in the@110# direction with polar-
izationE'@001#, and the dashed curve shows that forEi@001#. The arrows
indicate the emission energies of the quantum dots~QD! and quantum well
~QW!.
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ture in the range 77–300 K for all samples other than sam
1. In sample 1, the half-width increases with increasing te
perature. This behavior is probably attributable to the f
that all the zero-dimensional electron states in it are fil
because of high carrier concentration. The resulting ener
of the photoluminescence peaks equal 1.34–1.41 eV for
p-type samples and 1.28–1.41 eV for then-type samples.

FIG. 2. Photoluminescence spectra at 77 K for~a! p-type samples,~b!
n-type samples. The solid curves show the light intensity emitted in
@110# direction, with polarizationE'@001#, and the dashed curves show th
with Ei@001#. The light emitted in the@001# direction is not polarized~the
dot-dashed curve for sample 9!. The numbers on the curves correspond
the sample numbers in Table I.
le
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ct
d
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The structures were also studied by means of x-ray
fraction, and data for the amount of indium in the layer
quantum dots were obtained~see Table I!. The concentration
of quantum dots is estimated as~6.8–30)31011cm22 for
various samples. For such concentrations of the quan
dots, the distance between them is comparable with the
of a quantum dot, and the size of the quantum dots in tu
close to the width of a step on the disoriented substrate

3.2. Transport properties of the structures

All the samples can be divided into two groups, depe
ing on the current-carrier concentration at room tempera
obtained from the Hall effect in weak fields. In samples w
a hole concentration less than 0.631011cm22 at room tem-
perature or with an electron concentration less t
0.331011cm22, the resistance increased by several order
magnitude as the temperature was lowered, and they be
nonconducting~samples1 and 5! even at liquid-nitrogen
temperature. There is thus a critical concentration at r
temperature less than 1011cm22, below which all the urren
carriers are localized as temperature decreases both inp-type
samples and inn-type samples. This concentration does
correlate with the concentration of quantum dots~see Table
I!, since the localization occurs not only in quantum dots
also in a larger-scale potential well, as will be seen from
subsequent results.

In samples with a larger initial hole or electron conc
tration, resistancer decreases as temperature decrease
about 50 K and then increases, as shown in Fig. 3 for sa
6. Measurements of resistancer showed anisotropy in bot
types of samples, depending on temperatureT: r is a factor
of 3–12 greater in the@110# direction than in the@ 1̄10# di-
rection; this can be explained by the formation of quan
dots into chains in the@ 1̄10# direction along the steps. Th
formation of chains of InAs quantum dots on a faceted G
surface was observed by means of a tunnelling microsco
such structures in Ref. 15. The temperature dependenc
the resistance of sample 6 in the@110# direction ~curve 1!

he
t

o

n-
FIG. 3. Temperature dependences of resistancer' in the @110#

direction~curve1!, r i in the@ 1̄10# direction~2!, and resistance
anisotropyr' /r i ~3! for sample 6. The inset shows the depe
dence of the resistancer on 1/T1/2 for sample 4, measured

along @110# ~1! and along@ 1̄10# ~2!.
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and in the@ 1̄10# direction~curve2! are shown in Fig. 3. The
same figure shows the temperature dependence of the
tance anisotropy~curve3!. Starting from these results, it ca
be assumed that the dots were aligned along the steps i
test samples. In this case, the resistance across the step
be greater than the resistance along the steps. Such resis
anisotropy was observed in GaAs structures delta-doped
tin on the vicinal surface,16–18 where the tin was distribute
predominantly along the steps because of segregation, c
ing the conductivity to be anisotropic. It is possible that
dots are located not at the center of the terraces but adhe
the edges of the steps, as is experimentally observed fo
dots on the vicinal surface of GaAs.19

In the temperature region 1.6,T,4.2 K, the depen-
dence of the logarithm ofr is approximately linear inT21/2.
As an example, the inset in Fig. 3 shows the logarithm of
resistance vsT21/2, measured in two directions, for sample
These experimental facts are evidence that the current c
ers are localized.20 The conductivity for interacting two
dimensional electrons issxx;exp(2T0 /T)1/2. From the ex-
perimental data, we haveT0.0.3 K for sample 4 and
T053.7 K for sample 2. Such localization is possible wh
electrons are trapped by potential-energy fluctuations tha
pear as the structures grow.

Negative magnetoresistance was observed in weak m
netic fields for all the samples at liquid-helium temperatu
The magnetic-field dependence of the negative magne
sistance varied from quadratic to logarithmic. The abso
value of the negative magnetoresistance in weak fields
creases as the temperature decreases from 4.2 to 1.6 K
negative magnetoresistance with its characteristic de
dence on magnetic field and temperature can be explaine
quantum corrections to the conductivity for the tw
dimensional case.21,22

Quantum oscillations of the magnetoresistance are
served in stronger magnetic fields. Figure 4a shows a
example the magnetoresistance oscillations in sample
T51.6 K. The variation of the oscillation frequency in a
oblique magnetic field~see the inset in Fig. 4a! showed that
the oscillations are determined by two-dimensional curr
carriers formed by a layer of quantum dots incorporated
the growing layer of GaAs. This is also evidenced by
observation of the quantum Hall effect in the test structu
~Fig. 4b!. The presence of two-dimensional electrons can
explained by the overlap of the electronic wave functio
from separate quantum dots, since the density of the do
high in the test samples. The oscillation amplitude increa
as temperature decreases from 4.2 to 1.6 K. The period o
Shubnikov–de Haas oscillations can be used to compute
concentrations of the two-dimensional current carrie
which are somewhat greater than the Hall concentrations
culated for one layer~see Table I!. The concentrations o
current carriers calculated for one layer are less than
estimated concentration of quantum dots.

The magnetoresistance in strong magnetic fields is
ferent forp-type andn-type samples. Inn-type samples, afte
initial negative magnetoresistance in weak magnetic fie
and Shubnikov–de Haas oscillations in intermediate field
sis-
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sharp increase of the resistance was observed in strong
netic fields. The resistance in a fixed magnetic field
creasedproportionally toT21/2 as temperature decreased.
an example, Fig. 5 shows the magnetic-field dependence

FIG. 4. Quantum oscillations of the magnetoresistancerxx of sample 7 at
T51.6 K ~a! and the quantum Hall effect in sample 10 atT54.2 K ~b!. The
inset shows the dependence of the ratio of the magnetic fieldB0 correspond-
ing to one of the maxima of the oscillations in a perpendicular field to
magnetic fieldBp corresponding to the same maximum in a tilted magne
field vs the angleu of the tilt of the field direction from the vertical. The
points show the experimental data, and the solid curve shows cosu.

FIG. 5. Magnetoresistance of sample 6 at two temperaturesT, K: 4.2 ~a! and
1.7 ~b!. The inset shows the logarithm of the resistance vsT21/2 in a fixed
magnetic field ofB56 T.
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322 Semiconductors 33 (3), March 1999 Kulbachinski  et al.
the resistance at two temperatures for sample 6, while
inset shows theT21/2 dependence of the resistance for t
same sample at a fixed magnetic field of 6 T. The obser
dependences are evidence of a metal–insulator transition
magnetic field. No such transition is observed inp-type
samples: In magnetic fields up to 10 T, the magnetoresista
remains positive and of moderate size.

4. CONCLUSIONS

In this paper we have discussed the optical and trans
properties of multilayer InAs/GaAs structures with quantu
dots, grown on substrates with a small disorientation an
relative to the@001# direction. A region with increased po
larization is observed in the photoluminescence spectr
the plane of the layers.

It has been found that InAs quantum dots in GaAs fo
two-dimensional electron or hole layers for which t
Shubnikov–de Haas effect is observed. The low-tempera
conductivity of the structures possess anisotropy: The c
ductivity along the@ 1̄10# direction, i.e., along the steps,
greater than the conductivity in the perpendicular@110# di-
rection. All these data are evidence that the dots are form
on a profiled surface predominantly along the steps. A str
localization of two-dimensional current carriers is detected
reduced temperature. As the magnetic field increase
metal–insulator transition is observed inn-type samples a
liquid-helium temperature.

This work was supported by the program ‘‘The phys
of solid-state nanostructures,’’ Grant No. 97-1089, and
the Russian Fund for Fundamental Research, Grant No.
15-96500.
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Comparative study of the optical properties of porous silicon and the oxides
SiO and SiO 2
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The results of a comparative study of the optical absorption and photoluminescence in layers of
porous silicon, silicon oxides~SiO and SiO2), and powdered silicon are presented. It is
found that the position of the absorption-band edge, determined from the data of photoacoustic
spectroscopy and from photoluminescence spectra, correlates with the degree of oxidation
of the silicon. Differences are detected in the frequency dependences of the photoacoustic signal
for the porous silicon samples, depending on the quantum energy of the exciting light.
© 1999 American Institute of Physics.@S1063-7826~99!01403-9#
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INTRODUCTION

Despite the large number of publications~see, for ex-
ample, the review article by Gulliset al.1! dealing with po-
rous silicon ~PS!, the question of the nature of its optic
properties is still imortant because of the extremely comp
structure of this material. Since porous silicon is charac
ized by an enormous inner surface2 ~up to 600 m2/cm3), its
optical properties depend not only on the parameters of
nanostructures but also on the composition of their surf
coating.3–5 In this connection, it is very important to dete
mine the role of the various oxides that enter into the co
position of this material. We have accordingly conducte
comparative study of the optical absorption and photolu
nescence~PL! in samples of porous silicon films and pow
dered Si, SiO, and SiO2. Here the light absorption was stud
ied by a method based on the photoacoustic~PA! effect,
which has demonstrated that it is highly effective for poro
and powdered materials.6–8

EXPERIMENTAL PROCEDURE

In this study we have investigated layers of porous s
con formed on the surface of single-crystalp-type silicon
wafers with a resistivity of 10V•cm and a surface orienta
tion of ~100!. An anodization process in an HF~50%! :
C2H5OH5 1 : 1 solution with a current density o
30 mA/cm2 for 5 min was used to obtain the porous silico
After electrochemical processing, the samples were rinse
ethanol and dried in air. The measurements were made
holding the samples in air for several weeks. The thickn
of the porous layer, measured with an optical microscope
a transversely sheared surface, was about 15mm. The poros-
ity, determined by gravimetric measurements, was ab
3231063-7826/99/33(3)/4/$15.00
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80%. Visually the porous silicon was a mirror-smooth, un
formly colored film on the surface of the silicon wafer.

We also used powdered Si~99.99%, produced by the
firm f-Chemical!, SiO ~99.9%, produced by Nacalai Tesqu
Inc.!, and SiO2 ~99.995%, produced by Aldrich Chemica
Co.!.

The photoluminescence was measured at room temp
ture, with excitation by the radiation of a He–Ne las
~633 nm!, using a Renishaw spectrometer.

As was already pointed out, the photroacoustic~PA! ef-
fect was used to obtain the optical absorption spectra; t
causes a PA signal to appear with an amplitude proportio
to the absorption coefficient of the light.6 A fundamental
feature of this method, which makes it especially effecti
for studying porous layers, is that it makes it possible
obtain the absorption spectrum without separating t
porous-silicon film from the opaque silicon substrate.
modernized PA spectrometer made by Princeton Applied R
search Corp.~Model 6001! was used for the measurement
They were made at room temperature in the spectral ra
from 200 to 1500 nm, with a step of 2 nm. A mechanic
interrupter was used to modulate the light beam in the f
quency range from 20 to 5000 Hz. To allow for the spect
distribution of the radiation of the light source~a superhigh-
pressure xenon lamp with a grating monochromator!, the
spectral dependences of the PA signal amplitude, recorde
the chosen modulation frequency of the light, were norm
ized to the PA spectrum obtained at the same frequency fo
sample of carbon black. The absorption spectrum of the
ter can be considered to coincide with that of an absol
blackbody.6

Bearing in mind that the logarithm of the PA signal am
plitude depends linearly on the logarithm of the modulatio
© 1999 American Institute of Physics
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324 Semiconductors 33 (3), March 1999 Obraztsov et al.
frequency with high accuracy for carbon black,6 the fre-
quency characteristics were determined for the record
system, including a sensitive microphone and suitable am
fiers. The frequency characteristics thus obtained were u
to normalize the experimental dependences of the PA si
amplitude on the modulation frequency.

RESULTS AND DISCUSSION

Appreciable PL from all the test objects was record
for layers of PS and for the oxide SiO. The correspond
spectra are shown in Fig. 1, along with the spectrum
corded for SiO2 powder. The maximum PL intensity was
about 730 nm for PS and about 770 nm for SiO. Moreov
there is a relatively weak line in the region of 650 nm in t
spectrum of the SiO powder~Fig. 1, curve2!; this is the 480-
cm21 Raman line characteristic of Si–O–Si bonds and of
Si–Si bonds in amorphous silicon.9 A line with a similar
spectral position was also recorded for the SiO2 powder~Fig.
1, curve3!.

The similarity of the PL spectra for the PS layers and
SiO samples, in our opinion, is evidence that the opti
properties of these materials are interrelated. For exam
this can be because silicon clusters of nanometer dimens
are present in both materials. Such clusters, as is
known,1 are characteristic of high-porosity PS. For the S
samples, the silicon clusters can most likely be associa
with regions of disturbed stoichiometry. Such regions can
regarded as defect-localization sites in the mobility gap

FIG. 1. Photoluminescence spectraI PL(l) for porous silicon~1! and the
oxide SiO~2!, along with the spectrum of silicon dioxide SiO2 ~3!, recorded
under the same conditions.
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the amorphous material. Such defects either simply ‘‘h
up,’’ or the corresponding energy transitions shift towa
higher energies with further oxidation of the silicon and fo
mation of SiO2. They consequently cannot be excited by t
633-nm radiation used in this project, as is evidenced by
absence of appreciable PL for the SiO2 samples used here.

Figure 2 shows the spectral dependences of the PA
nal amplitudeI PA(l), recorded at the light-modulation fre
quency of 90 Hz. The significant difference in the PA sign
amplitude for the powdered samples and the thin films of
is explained by the mechanism of the PA effect. As a res
the main contribution toI PA comes from the energy of th
light absorbed at a depth approximately equal to the ther
diffusion lengthm5@2k/(2pnrC)#1/2, wherek is the ther-
mal conductivity,C is the specific heat,r is the density of
the test material, andn is the modulation frequency. For th
powdered materials, the thermal diffusion length at lo
modulation frequencies undoubtedly exceeds the absorp
depth of the light, while the thickness of the sample, wh
here is determined by the thickness of the layer of powde
the measurement cell and was about 2 mm in our exp
ments, exceeds the thermal diffusion length. In the PS,
film thickness at the same frequencies is significantly l
than thermal diffusion length, and this appreciably redu
the PA signal amplitude. For the same reason, the spectr
the PS~Fig. 2, curve1! contains two characteristic spectr
features, one of which, in the region of 750 nm, correspo

FIG. 2. Spectral dependences of the PA signal amplitudeI PA(l) for porous
silicon ~1! and the oxides SiO~2! and SiO2 ~3!, as well as for powdered S
~4!, recorded with the light modulated at 90 Hz.
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to the edge of the absorption band in the porous layer, w
the other, at about 1100 nm, corresponds to the fundam
absorption edge in single-crystal silicon.7

The spectral behavior of theI PA(l) dependence for S
SiO, and SiO2 powders corresponds to the well-known a
sorption spectra of these materials,10 with the exception of
the appreciable reduction in amplitude of the PA signal
Si and SiO in the visible region as the wavelength decrea
This feature of the PA spectra can be caused by the sig
cant scattering of light when it propagates in a powde
material. The efficiency of such scattering increases as
wavelength decreases, and also as a consequence of t
creased specular reflectance from the faces of the indivi
powder particles, analogous to that in diamond powders8

The above considerations are confirmed by the shap
the spectral dependencesI PA(l) obtained for the same ma
terials at a higher modulation frequency~1500 Hz! ~see Fig.
3!. First, because the ratio of the PS film thickness to
thermal diffusion length changes, the relative amplitude
the PA signal increases. The spectral feature in the 1100
region caused by the single-crystal silicon substrate is ab
in the PA spectrum for PS~curve 1!. This means that th
thermal diffusion length does not exceed the thickness o
porous layer (15mm!. There is a similar explanation for th
absence of an appreciable decrease of the PA signal a
tude for the Si and SiO powders in the short-wavelen
region. For high frequencies, the thermal diffusion length

FIG. 3. Spectral dependences of the PA signal amplitudeI PA(l) for porous
silicon ~1! and the oxides SiO~2! and SiO2 ~3!, as well as for powdered S
~4!, recorded with the light modulated at 1.5 kHz.
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comparable to the size of the powder particles, and this
duces the number of faces through which the light passes
is then scattered.

A certain increase in the PA signal amplitude for PS
the UV region should be pointed out. This occurs appare
because the porous film contains oxides of the type of Six ,
with x'2. Such a possibility has been repeatedly noted
the literature~see, for example, Refs. 3–5!. A comparison of
the I PA(l) spectra obtained for PS at different modulati
frequencies suggests that the distribution of the various
con oxides over the film thickness is inhomogeneous and
the film composition near the surface is closer to SiO2.10

Such a variation of the optical absorption over depth co
lates with the PL properties of PS, for which direct measu
ments were used to establish a significant decrease o
quantum efficiency with distance from the outer surface
the PS film.11

The dependence of the PA signal on the modulation
quency mentioned above makes it possible to determine
of the most important physical parameters of PS films—
thermal conductivityk. We made a rough estimate ofk in an
earlier paper7 on the basis of PA measurements. We studi7

in more detail the frequency dependence of the PA signa
PS, the results of which are presented in Fig. 4 in log–
coordinates. For most cases encountered in practice, th
signal amplitude is inversely proportional to the modulat
frequencyn,6,8 and this was recorded for all the powd

FIG. 4. Frequency dependence of the PA signal amplitude for porous si
in log–log coordinates, excited by light with wavelength 900 nm~1! and
300 nm~2!. The dotted lines show the dependenceI PA;1/n.
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samples of Si, SiO, SiO2 and for single-crystal silicon, re
gardless of the spectral content of the exciting light. T
same inversely proportional dependence on frequency
obtained for PS samples when we used IR radiat
~900 nm!, which was transmitted through the porous lay
and absorbed in the substrate curve1 in Fig. 4!. For shorter-
wavelength radiation~300 nm!, which is efficiently absorbed
in the PS film~curve 2 in Fig. 4!, a linear behavior of the
log(IPA) dependence on log(n) is observed in the initial sec
tion ~in the low-frequency region! and for n greater than
1 kHz.

As pointed out above, the PA signal amplitude is det
mined by the amount of heat given off as a result of
absorption of light at a depth of the order of the therm
diffusion lengthm. Most of the UV radiation is absorbed in
thin film of PS, but, at low modulation frequencies, the he
propagates into the depth of the crystal substrate, which
thermophysical parameters different from the PS and wh
determines the value of the PA signal in this case. As
modulation frequency increases, the thermal diffusion len
gradually decreases and evidently becomes comparable
the thickness of the porous layer~15mm! at a frequency of
about 1 kHz. A further increase of the frequency produ
the linear dependence of log(IPA) on log(n) characteristic of
homogeneous materials. When IR radiation is used, the c
acter of the frequency dependence is determined by the
sorption depth of the light, for which the PS film is virtual
transparent.

Starting from the known porosity of the PS of 80%,
well as from tabulated data for the densityr52.328 g/cm3

and the specific heat of siliconC50.7 J/~g•K!, we find that,
in accordance with the expression for the thermal diffus
length m, the thermal conductivity of the porous silicon
aboutk'1.2 W/(m•K), which is somewhat greater than th
value we obtained in Ref. 7, because of the more accu
method. This estimate does not allow for the inhomogen
of the PS in composition. The extremely low thermal co
ductivity is of interest from the viewpoint of the practical u
of PS, as well as for the correct interpretation of the data
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various studies involving methods that cause the por
layer to be heated, as is the case, for example, in stud
Raman scattering.12

The data concerning optical absorption obtained by
spectroscopy and the results of our study of PL in sample
PS and the oxides SiO and SiO2 thus show that there is a
definite correlation of the degree of oxidation of the silic
and the optical properties of the porous layer. It seems m
likely that both the silicon matrix and the oxide componen
of the surface coating are responsible for forming the abso
tion spectrum of PS. The luminescence properties of PS
pend on various defects in the nonstoichiometric oxide SiOx .
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Photosensitive structures based on porous silicon
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The electrical and photoelectric properties of two types of sandwich structures are discussed:
Al/porous silicon/single-crystal silicon (c-Si!/Al with thin and thick layers of porous
silicon, obtained by chemical coloration etching without applying an electric field. It is established
that the properties of the structures with thin porous silicon layers are determined by the
porous-silicon–c-Si heterojunction. Its properties are explained in terms of an energy-band
diagram of an isotypic heterojunction with opposite directions of band bending on the
two sides of the junction, caused by the appearance of local states at the boundary. The
photosensitivity of the structures with a thick porous silicon layer is determined by the
photoconductivity of the porous silicon. The maximum of the spectral dependence of the
photoconductivity of the porous silicon layers is at 400–500 nm. These results are compared with
those known for structures based on porous silicon obtained by anodization. ©1999
American Institute of Physics.
@S1063-7826~99!01503-3#
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INTRODUCTION

Porous silicon~PS! continues to attract attention becau
of its potential for creating visible radiation sources and
integrating photo- and microelectronics elements based
silicon technology. Despite intensive studies of PS, beca
of its complexity, even the mechanisms of visible photo
minescence~PL! have not been definitively explained. Th
photoelectric properties of PS have only begun to
studied.1–23 Photoelectric phenomena are also an effec
means of studying electronic processes and of establis
the energy-band diagrams of structures. In addition to the
of PS for radiation sources, there is also interest in usin
for photodetectors.

Papers devoted to the study of the photoelectric pro
ties of PS have discussed the photoconductivity~PC! of free
layers of PS,1 the PC of the PS layers in M/PS/c-Si/M struc-
tures~M5metal andc-Si5single-crystal silicon!,2–4 the fro-
zen~residual! PC of PS layers,5 the photodiode properties o
M/PS/c-Si/M structures,2,4,6–16 their photovoltaic proper
ties,17,18 the photoelectromotive force and photoinduc
charge capture in PS,18–21 and the position-sensitive photo
voltaic effect.22,23 Known photosensitive structures are us
ally sandwich-type M/PS/c-Si/M structures in which the PS
layer, from several micrometers to about 100mm thick, is
formed by electrochemical etching ofc-Si. Etching mecha-
nisms for anodization without the application of a field a
similar in principle, and PS layers obtained by these t
methods possess similar visible PL at room temperat
However, chemical coloration etching is simpler, does
require the use of special apparatus, and is a less rough
cess, which makes it possible to obtain thin PS layers~less
than 1mm thick! that are more homogeneous in thickne
and have a smoother surface.24,25 In this paper we report th
results of an experimental study of the properties of pho
3271063-7826/99/33(3)/5/$15.00
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sensitive Al/PS/p-Si/Al structures in which the PS layers a
formed by coloration chemical etching without applying
field. Our goal was to study the electrical and photoelec
properties of such structures, to compare the results w
those for known structures based on PS obtained by anod
tion, and to analyze them in terms of accepted energy-b
diagrams of the structures.

SAMPLES AND EXPERIMENTAL TECHNIQUE

Photosensitive sandwich-type M/PS/c-Si/M structures
can display the properties of the M/PS Schottky barrier,
the PS itself, and of the heterojunction~HJ! PS/c-Si. The
approach that we used to overcome the complications a
ciated with these properties in establishing the photosens
ity mechanism involved the use of a thin, low-resistance
layer, in which the bias is predominantly applied to the
and its properties are determined by the properties of
structure, and the case of a thick, high-resistance PS laye
which the external applied voltage predominantly falls on
PS and the properties of the structure are given by the
layer.

Substrates ofp-type ~100! Si with a resistivity of
10V•cm served as the starting samples. They were dip
into an HF : HNO3 : H2O5 1 : 3 : 5 ~by volume! solution.
The reagents used were 49% HF and 70% HNO3. The etch-
ing time was as much as 10–15 min, while the layer thic
nesses were less than 1mm ~thin PS layers!. Thick PS layers
were obtained by chemically etchingp-Si subjected to pre-
liminary modification by pulses from a YAG laser operatin
in the free-lasing regime~wavelengthl51.06mm, energy
per pulseE150.3 J, pulse widtht i5231024 sec).26 The la-
ser beam was focused by an SOK-1 optical unit and w
displaced over the surface of the silicon wafer using a giv
pattern. Since the etching rates of the laser-recrystallized
© 1999 American Institute of Physics
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328 Semiconductors 33 (3), March 1999 Kaganovich et al.
con exceeded those for unirradiated silicon, this allowed
to use not only a nonphotolithographic method to shape
topology of the PS layers, but also to obtain thick~more than
1mm! PS layers. A comparison of the PS layers was mo
tored by additional processing, for example, dehydration,

When they were excited with nitrogen laser radiatio
the PS layers possessed visible PL with a maximum at 6
750 nm. The maximum of the PL excitation spectrum was
300 nm. The PL relaxation spectra displayed fast, sh
wavelength bands and slow, long-wavelength bands;27 i.e.,
the PL properties of these layers are similar to those of
obtained by anodization.

To form sandwich structures, an aluminum film w
sputtered onto the PS surface, with a contact area of a
1 mm2. An ohmic contact to the substrate was created
baking the aluminum into thep-Si.

Measurements were made of the static I–V characte
tics in the dark and in the light and the dynamic I–V cha
acteristics, as well as the spectral dependences of the s
tivity of the structure when a reverse bias was applied an
the open-circuit regime. The I–V characteristics were m
sured on an automatic apparatus based on a Poisk-1.02
puter. The voltage across the sample was supplied fro
V5-47 dc source having digital control, and was monitor
by a V5-34A digital voltmeter. The range of supplied vo
ages was 0–30 V, and the measured currents w
5310211– 131022 A. The voltage was varied over a risin
and falling stepwise dependence with a step of 0.1 V, w
various step widths~0.1 and 10 sec! and an interval between
them of 200 ns.

RESULTS AND DISCUSSION

In structures with a low-resistance PS layer, the I–
characteristics in the dark~Fig. 1a, curve1! have a rectifying
character. The ratio of the currents in the forward and reve
directions for several volts of applied bias reaches about 15.
The positive axis of the I–V characteristic~forward voltage!
corresponds to positive bias applied to thep-Si. A distinctly
expressed saturation is always observed on the rev
branch. An analysis of the forward branch reveals that
base resistance of the PS layer is several kV and the nonide-
ality factor for moderate biases isn52 – 3. Signs of a ‘‘soft’’
breakdown of the HJ appear on the forward branch in a n
ber of samples: A small saturation section is followed by
section with a sharp increase of the current~see the inset in
Fig. 1a!.

Under illumination, the I–V characteristic~Fig. 1a,
curve2! has a typical photodiode character. The ratio of
currents in the light~about 131022 W/cm2) and in the dark
with a few volts of reverse bias is 2–3 orders of magnitu
As the reverse bias is increased, the photocurrent incre
very slowly. The open-circuit voltage is 0.25–0.3 V, and
sign corresponds to depletion bending of the bands ofp-Si.

On the dynamic I–V characteristics, the forwa
branches display hysteresis loops~see the inset in Fig. 1c!.
The I–V characteristics measured as the voltage was va
in an increasing direction lie lower than those recorded w
the voltage decreasing, which indicates the appearanc
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FIG. 1. The I–V characteristics of Al/PS/c-Si/Al structures: static~a! and
~b!, dynamic~c!, with a thin PS layer~a! and a thick PS layer~b! and~c!, in
the dark~1! and in the light~2!. The insets show the branch of the I–
characteristic in the dark with a section of the saturation and the regio
‘‘soft’’ breakdown ~a!, the branch of the I–V characteristic in the light wit
a section of the dip~b!, and the dynamic I–V characteristics for a structu
with a thin PS layer~c!.
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slow capture centers for holes. No hysteresis is observe
the reverse branches of the I–V characteristics.

The spectral sensitivity characteristic has a maximum
about 900 nm~Fig. 2a, curve2! and is similar to the spectra
sensitivity of Si photodiodes. This is evidence that the rad
tion is predominantly absorbed in thep-Si. The sensitivity
reaches about 0.1 A/W. As the transparency of the front
minum contact increases, the quantum yield at the maxim
sensitivity is high, approaching unity.

On the spectral sensitivity curves measured in the op
circuit regime, the photoresponse changes sign in the sh
wavelength and long-wavelength regions~Fig. 2b!.

In structures with a high-resistance PS layer, the I
characteristic in the dark is symmetric and nonlinear~Fig.
1b!. The ratio of the currents in the light~about
1022 W/cm2) and in the dark is one or two orders of ma
nitude and is independent of the polarity of the applied vo
age. Several sections of the I–V characteristics in the li
display dips, which are evidence of the appearance o
built-in electric field ~see the inset in Fig. 1b!. Hysteresis
loops, which indicate hole capture in slow traps, are detec
in the forward and the reverse branches of the dynamic I
characteristics~Fig. 1c!. The spectral dependence of the se
sitivity is characterized by a maximum in the sho
wavelength region at 400–500 nm~Fig. 2a, curve1!.

We have analyzed the results in terms of a model wh

FIG. 2. ~a! Spectral dependences of the sensitivity of Al/PS/c-Si/Al struc-
tures with a thick~1! and a thin~2! PS layer.~b! Photoresponse spectrum o
a structure with a thin PS layer, measured in the open-circuit regime.
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disregards the appearance of an Al/PS Schottky barrier.
liminary measurements of the I–V characteristics of t
structures with various metal films~Al, Cu, In, Au! deposited
on the thick and the thin PS layers displayed no depende
of the parameters of the M/PS Schottky barrier on the type
metal. This occurs evidently because the Fermi level
pinned as a result of the high density of surface electro
states. A similar character of the M/PS boundary was
served in Ref. 15, where the sputtering of Ca, Mg, Sb, a
Au revealed that only the series resistance depended on
type of metal, with this dependence showing up at high
ases. The results of an analysis of the I–V characteristics
the voltage–capacitance characteristics of the structure
lowed Penget al.16 to ignore the band bending of the PS
the M/PS boundary. When photosensitive Al/PS/p-Si/Al
structures were studied in Refs. 11 and 12, it was thus c
sidered possible to regard the Al/PS contact as slightly r
tifying. However, rectifying properties of this contact we
detected in many papers on the charge-carrier transport
electroluminescence of PS-based structures and in som
their photoelectric properties. For example, in analyzing
current-conduction mechanism in an Al/PS/c-Si/Al structure
in Ref. 28, they considered a model that included two ba
ers: the Al/PS contact barrier and the HJ, which were c
nected facing each other, but for structures in which th
was no saturation on the reverse branch of the I–V cha
teristic. In this study the reverse branch of the I–V char
teristic was considered a Schottky barrier, and the cond
tivity of the structure had a bipolar character. We should n
that the contact-injection phenomena in PS and their conn
tions with the conditions under which the M/PS structur
are obtained have only begun to be studied.

The results of the study of a structure with a thin P
layer presented above can be explained in terms of
energy-band diagram of the isotypic HJ between the bro
band PS~2–3 eV! and thec-Si ~1.1 eV! with close-lying car-
rier concentrations, with allowance for the states at the in
face~Fig. 3!.29,30Such a diagram for a model of an HJ in th
form of two Schottky barriers connected facing each ot
was proposed in Ref. 11 for the analysis of the sensitivity
photodiode structures based on the HJp-PS/p-Si. Actually,
such a model is characterized by saturation of the I–V ch
acteristics in both directions~the saturation section in th
forward direction can also be indistinct because of a ‘‘so
breakdown of the barrier on the side of the broad-band se

FIG. 3. Energy-band diagram of thep-PS/p-Si HJ.11,32
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conductor! and heteropolar photoresponses, as has been
served experimentally.

When the quantum energy of the incident radiation
greater than the band gap of thep-Si but less than that of the
PS, the radiation is absorbed in thep-Si, and the sign of the
photoresponse is determined by the charge of the holes m
ing according to the depletion band bending from the int
face of the HJ to the ohmic contact~positive photoresponse
see Figs. 2b and 3!. As the quantum energy of the inciden
radiation increases to values corresponding to the energy
of the PS, holes are photogenerated in the PS. The nega
photoresponse in the short-wavelength region, which is as
ciated with the motion of these photoholes from the boun
ary of the HJ into the depth of the PS, correlates with t
opposite sign of the Schottky barrier on the side of the P
The negative photoresponse in the long-wavelength reg
can be associated with the photoexcitation of carriers fr
surface electron states caused by interface traps or with
tical transitions from the valence band of the PS into t
conduction band of thec-Si. Note that these surface electro
states are fast traps for holes, whereas slow traps wit
relaxation time of about 1 sec appear in the hysteresis lo
of the dynamic I–V characteristics.

A similar hysteresis effect and heteropolar photor
sponses were observed earlier12 for Al/PS/p-Si/Al structures.
However, the reverse current of the I–V characteristics
creased linearly with increasing bias for these structur
while the forward current was extrapolated by an exponen
dependence. Laptevet al.12 interpreted the results in terms o
a model of an isotypic HJ whose energy-band diagram c
tains peaks and dips.

In studying photoinduced charge capture in PS, M
veevaet al.19 detected a component of the photoelectrom
tive force associated with the depletion region inp-Si at the
boundary with the PS and established the presence of s
states on the surface of the voids.

The results of the study of structures with a thick P
layer show that their photosensitivity is determined by t
PC of the PS. Taking into account the PL properties of t
layers, these results make it possible to draw the energy-b
diagram, which includes quantum-wellc-Si nanocrystallites
with local states in the quantum well and barrier layers
SiOxHy in which, depending on the conditions under whic
the PS is formed, there is a variation in the composition a
accordingly in the height of the potential barriers. The rad
tion absorption is determined by optical transitions betwe
local states of thec-Si nanocrystallites and between them an
delocalized states of the barrier layers.

The carriers that participate in the PC drift; i.e., tho
that participate in geminal radiative recombination and
radiative recombination at the surface states of the crys
lites are eliminated, and therefore the quantum yield of
PC is small. It thus follows that the requirements for increa
ing the PL and the PC intensities are opposite. To incre
the PL intensity, it is necessary to restrict the flow of carrie
out of the Si nanocrystallites; conversely, to increase the
intensity, it is necessary to lower the potential barriers th
restrict the current transfer. Since the charge-carrier mob
ties are low in PS@they do not exceed 1022– 1023 cm2/(V
b-
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•sec); Ref. 31#, and since the product of the drift mobilitie
by the charge-carrier lifetime ism•t;10210cm2/sec ~Ref.
33!, the drift length of the carriers is no more than 1mm even
for large electric fields. Therefore, thin PS layers should
used to increase the charge-carrier collection factor.

The key questions regarding the PC of the PS layers
as follows: through what region do the charge carriers flo
and what is their transport mechanism? Since PS is a n
composite that contains segments of quantum filaments
quantum dots ofc-Si in a host of porous hydrated silico
oxide, the transport mechanism can involve charge-car
tunneling through the barriers between the silicon nanoc
tallites and the flow of carriers injected from the silico
nanocrystallites along the interface regions and the bar
layers. The regions of flow and the transport mechanis
depend not only on the conditions under which the layers
obtained and consequently their microstructure, but also
the conditions under which the PC is measured: the exc
tion levels, the temperature, and the electric field. The tra
port properties and the PC of PS layers have only begu
be studied.

In summary, we have investigated the I–V characte
tics and the spectral characteristics of the photoresponse
Al/PS/c-Si/Al structures in which, in contrast with the pre
viously reported studies, the PS layers are obtained
chemical etching without applying a field. It has been sho
that not only PL properties but also electrical and photoel
tric properties similar to those in structures based on
formed by anodization can be obtained more simply in su
structures. Attention has been focused on the effectivenes
designing electrical instruments that use structures base
thin PS layers~less than 1mm thick! obtained simply by
chemical etching, which are more homogeneous and ha
smooth surface and lower leakage currents. It has been
tablished that the photodiode properties of the structures
determined by the isotypicp-PS/p-Si HJ, taking into ac-
count the appearance of local states at the interface.
photosensitivity of the structures, in which the properties
the M/PS barriers and the PS/c-Si HJs do not manifest them
selves, is determined by the PC of the PS, whose maxim
spectral dependence lies in the range 400–500 nm. The
pearance of slow traps in the PS layers has been dete
from the hysteresis loops of the I–V characteristics.
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Photoconductivity of amorphous hydrated silicon doped by ion implantation
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The effect of the concentration of impurities~phosphorus and boron! on the photoconductivity of
films of amorphous hydrated silicon, hydrated and doped by ion implantation has been
studied. The results are compared with data for films doped from the vapor phase. A substantial
difference in the dependences of the photoconductivity on the doping level for phosphorus
and boron is detected. The photoconductivity of phosphorus-implanted films increases with the
doping level and is an order of magnitude lower than the photoconductivity of films
doped with phosphorus from the vapor phase. At the same time, the photoconductivity of boron-
implanted films depends only slightly on the doping level and virtually coincides with that
of films doped with boron from the vapor phase. These results are explained in terms of a
recombination model that allows for the difference in charge transfer of the defect states
in n- andp-type films. © 1999 American Institute of Physics.@S1063-7826~99!01603-8#
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Ion implantation is widely used to dope crystalline sem
conductors. Films of amorphous hydrated semiconductor
particular, amorphous hydrated silicon (a-Si : H), are most
often doped during their production from the vapor phase
adding phosphine or diborane to the reaction chamber.
implantation of group-III and group-V elements to amo
phous hydrated silicon also makes it possible to vary
conductivity of the given material within wide limits.1–3 In
contrast with doping from the vapor phase, the hydrog
concentration in the film is independent of the level of intr
duced impurity.3 The electrical properties ofa-Si : H films
doped by ion implantation have been studied in detail
Refs. 1–9. The available data1,4,10 indicate that, when ions
are implanted into an amorphous material, additional defe
consisting of nonradiative recombination centers must be
troduced. At the same time, the photoelectric properties
a-Si : H doped by ion implantation have been studied to
considerably less extent.1,4,9 In particular, there is virtually
no systematic research on the photoconductivity of fil
doped with acceptor impurities.

In this paper we report the results of an experimen
study of the effect of the ion implantation of elements
group-III ~boron! and group-V~phosphorus! on the photo-
conductivity ofa-Si : H films and compare their photoelectr
properties with those of films doped from the vapor phas

Films of a-Si : H ~0.5 mm thick! for ion implantation
were deposited using thermal decomposition of monosil
(SiH4). Wafers of crystalline silicon with a layer of SiO2

~1mm thick! formed on the surface were used as substra
The films were hydrated and doped with phosphorus or
ron by ion implantation. The hydrogen concentration in t
films was 12 at.%. After implantation, the films were a
nealed at a temperature of 400 °C. Aluminum contacts w
3321063-7826/99/33(3)/3/$15.00
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formed on the film surface. Before the measurements w
made, the films were annealed in vacuum at a temperatur
180 °C for 30 min. The measurements were made at ro
temperature. The photoconductivity was determined with
films illuminated by light with quantum energy 1.8 eV an
intensity 1014cm22 sec21.

Figure 1 shows the dependence of the conductivitysd of
the test films on the concentration of implanted phospho
and boron. This figure also shows the data obtained in Re
in which phosphorus and boron were implanted intoa-Si : H
films obtained by the decomposition of monosilane in an
glow discharge. It can be seen from the figure thatsd in the
films that we studied, which were hydrated by ion implan
tion, varied by more than six orders of magnitude wh
phosphorus or boron was implanted. The character of
variation ofsd is close to the data for films hydrated durin
their deposition in an rf glow-discharge plasma.1 A certain
difference is observed only for the transition region fro
n-type top-type conductivity. The indicated transition is ob
served for the films that we studied when the introduc
boron concentration is an order of magnitude less than
the films obtained in Ref. 1.

The dependence of the photoconductivityDsph of the
test films on the position of the Fermi levelEf relative to the
conduction bandEc ~the valence bandEv) for n-type
(p-type! films is shown in Fig. 2. TheEc2Ef and Ef2Ev
values were determined from the conductivity, using t
relationship uEc,v2Ef u5kTln(s0 /sd), where
s05150V21cm21 ~Ref. 11!. The same figure shows th
data fora-Si : H films, which were obtained by decomposin
monosilane in an rf glow discharge and which were dop
with phosphorus or boron from the vapor phase.

Let us consider the results obtained for phosphor
© 1999 American Institute of Physics
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FIG. 1. Conductivity of a-Si : H films vs
concentration of implanted boron~a! and
phosphorus ~b!. Data of 1—this paper,
2—Ref. 1.
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implanted films. It can be seen from Fig. 2b thatDsph of the
phosphorus-implanted films is an order of magnitude
thanDsph for films doped from the vapor phase, consist
with the data of Ref. 1. In the opinion of Le Comberet al.,1,4

this result is attributable to the introduction of addition
recombination centers during ion implantation. This assu
tion agrees with the results of our comparative measurem
by the constant-photocurrent method of the absorptiona in
the defect region of the spectrum~0.8–1.4 eV! for films
doped with phosphorus by ion implantation and from
vapor phase with similarEc2Ef values. Thea(1.2 eV)/
a(1.8 eV) value for the phosphorus-implanted films was
order of magnitude greater than for films doped from
vapor phase. This indicates a large density of states c
sponding to defects at energiesE,Ef in the mobility gap of
the phosphorus-implanted films.

As can be seen from Fig. 2b, asEf shifts towardEc ,
which occurs when the phosphorus concentrationNP in-
creases, theDsph value of the phosphorus-implanted film
s
t

l
p-
nts

e

n
e
re-

increases. If the implantation increases the concentratio
dangling bonds, the observed increase ofDsph is associated
with a reduced concentration of the principal recombinat
centers of nonequilibrium electrons—neutral dangl
bonds, which become negatively charged whenEf shifts to-
ward Ec .12 Note that the total concentration of danglin
bonds in neutral and negatively charged states increases
doping in this case.2 At the same time, the nonradiative
recombination centers that appear during implantation are
the opinion of Searleet al.,10 not dangling bonds. In this
case, the observed increase ofDsph of the phosphorus-
implanted films asEf shifts towardEc indicates a reduced
concentration of recombination centers which correspon
the introduced defects~possibly because they undergo char
transfer!.

Let us consider the results obtained for boron-implan
p-type films~see Fig. 2a!. It can be seen from the figure tha
in contrast with phosphorus-implanted films, theDsph values
of films implanted with boron by ion implantation and fro
FIG. 2. Photoconductivity vs position of
the Fermi level fora-Si : H films doped
with boron~a! and phosphorus~b! by ion
implantation ~1! and from the vapor
phase~2!.
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the vapor phase are close to each other. The measurem
showed that thea(1.2 eV)/a(1.8 eV) values for films with
equalEf2Ev values are also close to each other. The la
result indicates that ion implantation does not substanti
increase the density of states in the energy regionE.Ef in
p-type a-Si : H films.

As can be seen from the figure, the increase in the c
centration of implanted boronNB and, accordingly, the shif
of Ef toward Ev causes essentially no change inDsph. A
certain reduction is seen only for the maximum concen
tions of introduced boron. The weak dependence ofDsph on
Ef in p-type films can be explained in terms of the mod
developed in Ref. 13. According to this model, the subst
tial difference in the length of the density-of-states tails clo
to Ev andEc has the effect that, inp-type a-Si : H films, in
contrast withn-type films, when optical excitation occur
the concentration N0 of the principal recombination
centers—neutral dangling bonds—substantially differs fr
the equilibrium valueN0

0. In this case,N0 is determined by
the concentration of nonequilibrium holes trapped at
valence-band tail and, accordingly, depends on the densi
states in the valence-band tail and is independent ofN0

0 and,
accordingly, of the position ofEf . As a result,Dsph must be
independent ofEf andN0

0 and must decrease as the dens
of states in the valence-band tail increases.

The influence of interference in thea-Si : H / SiO2 / c-Si
test structures on the measured spectral dependences oa in
the region of the exponential Urbach tail does not allow us
determine the slope of the Urbach tail and, accordingly, p
vents us from evaluating how implantation affects the
rameters of the density-of-states tail of the valence band.14 If
it is assumed that the valence-band tail does not change
small concentrations of implanted boron and increases
cause of the increase of disorder in the structure with la
concentrations, then the model considered by us can be
to explain the similar values ofDsph for films doped with
boron by ion implantation and those from the vapor pha
nts
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and also a certain reduction ofDsph at the maximum con-
centrations of the implanted boron.

In summary, our studies have shown that dopinga-Si : H
films with phosphorus by ion implantation results in larg
values of the density of states in the mobility gap in th
E,Ef energy region and smaller values ofDsph in compari-
son with doping from the vapor phase. In the case of bor
implantation does not significantly increase the density
states in the mobility gap in theE.Ef energy region, while
the Dsph values are similar for films doped by the indicate
methods.
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Electronic properties and structure of a-Si : H films with higher photosensitivity
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The temperature dependences of the photoconductivity, the Urbach parameter, the optical
modulation spectra, and the Raman spectra were studied in order to determine the cause of the
increase in photosensitivity ofa-Si : H films. It is shown that these films combine a low
defect density with the existence of deep hole capture centers. These factors increase the value
of sph at T5300 K in comparison with thesph of standarda-Si : H, with DE5const.
© 1999 American Institute of Physics.@S1063-7826~99!01703-2#
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INTRODUCTION

In our previous paper,1 we presented the results of e
perimental studies ofa-Si : H films in which the photosensi
tivity sph/sd at room temperature was increased by as m
as a factor of 100. The activation energy of the dark cond
tivity sd , DE50.85– 1.1 eV, varied when changes we
made in the conditions for depositing the films by rf glo
discharge from 100% SiH4 at a temperatureTs5300 °C. The
photoconductivitysph was measured when the films we
illuminated by light with hn52 eV and a flux F
51015cm22 sec21, which corresponds to a photocarrie
generation rateG51019cm23 sec21. The photoconductivity
sph reached values of 103 S/cm, even though we detected n
radical reduction~by several orders of magnitude! of the de-
fect density, which was determined by the consta
photocurrent method~CPM!. A number of other anomalou
properties of the films, which were studied in Ref. 1 a
which were similar in many respects to the properties of
films described in Ref. 2, were also pointed out. The av
able data, however, were not sufficient to understand why
photoconductivity increased. In view of this circumstan
we obtained in our study some additional information
a-Si : H films with increasedsph/sd by studying the tem-
perature dependences of the photoconductivity, the Urb
parameter~CPM!, the optical modulation spectra, and th
Raman spectra. Our goal in this study was to determine
electronic properties and the structure of the indicated fi
by comparing them with standarda-Si : H films.

EXPERIMENTAL RESULTS AND DISCUSSION

Figure 1 shows the temperature dependences of the
toconductivity. Curves1 and2 refer, respectively, to a film
studied by us and to a standarda-Si : H film. The activation
energy ofsd was 1.05 eV in both films. It can be seen th
the curves strongly differ from each other in shape: In
first case, a sharp temperature quenching of the photo
ductivity ~TQP! is observed, beginning withT>290–
300 K. At lower temperaturessph exponentially increased
with energy 0.02–0.03 eV. For the standarda-Si : H film,
3351063-7826/99/33(3)/4/$15.00
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activation energies ofsph with a similar magnitude were
observed in the entire temperature interval studied here;
there is no TQP region~Fig. 1!.

Let us now consider the temperature dependence ofsph

for a film of intrinsic (DE50.85 eV) a-Si : H from the data
of Ref. 2 under the condition that the incident light flux
F51015cm22 sec21. Since the measurements in Ref. 2 we
made forF51014cm22 sec21, we used the linearity of the
lux–ampere characteristic~LAC!1 to recalculate the data o

FIG. 1. Temperature dependences of the photoconductivity of1—a-Si : H
with increased sph /sd , 2—standard a-Si : H ~in both cases, DE
51.05 eV), 3—a-Si : H with increasedsph /sd ~Ref. 2!, 4—standard
a-Si : H ~in both cases,DE50.85 eV).
© 1999 American Institute of Physics
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Ref. 2 ~Fig. 1, curve3!. For comparison, Fig. 1 showssph

for an intrinsic standarda-Si : H film ~curve4!. It can be seen
that curves3 and4 differ significantly from each other: The
TQP of a standard film, as has been established in o
papers~see, for example, Ref. 3!, occurs at significantly
lower temperatures, and the change in this region is m
weaker.

As shown by the results of studies ofsph and of our
other films with increasedsph/sd , the high-temperature
TQP regions are actually a characteristic property of s
films; the maximum values ofsph are observed at tempera
tures close to room temperature.

There are various models of TQP in semiconductors,
best known of which is Rose’s model.4 This model assume
that the recombination channel changes at low temperatu
If recombination at high temperatures occurs through cen
near the middle ofEg , for which Sn5Sp ~the capture cross
section of electrons and holes!, recombination at low tem-
peratures goes through centers located close to the edg
the valence band, for whichSn!Sp . Because of this circum
stance,sph increases as the temperature is lowered. Ho
ever, Rose’s model implies superlinearity of the LAC, whi
is not observed in our case.1 Conversely, the films with in-
creasedsph/sd display an LAC whose exponent is close
unity, which is inherent to standarda-Si : H with a low defect
density@the LAC was measured as the intensity of the lig
flux (l5630 nm) varied over three orders of magnitude
T5300 K]. Therefore, in what follows, we shall start from
the TQP model proposed fora-Si : H in Ref. 3. According to
Ref. 3, recombination at high temperatures occurs from
localized states through the states of dangling bonds—D
centers. Electrons are quickly captured at neutralD0 centers,
transforming them into chargedD2 centers. The recombina
tion rate is determined by hole capture at theD2 centers. As
a result, they are transformed back intoD0 centers, which
capture new electrons, etc. However, as the temperatu
lowered, a greater and greater part of the holes are capt
at deep states of the valence-band tail. The hole flux tow
theD2 centers decreases, and the number ofD0 centers that
capture electrons accordingly decreases. Therefore,sph in-
creases with decreasing temperature~it falls as temperature
rises; i.e., TQP occurs!. Finally, as the temperature decreas
further, the photocarriers trapped on the band-tail states
dergo tunnelling recombination. Accordingly,sph is deter-
mined by the thermal generation of electrons into the c
duction band from its tail states and decreases w
decreasing temperature~Fig. 1!.

The existence of capture centers that efficiently capt
holes thus raises the value ofsph, and the temperature a
which this rise occurs increases as the depth of the pos
of the capture centers increases relative to the valence-
edge. There was interest in explaining the origin of the
traps in the films that we studied, in which domains ab
1 nm across apparently occur, as in the films described
Ref. 2. As regards to nanosize domains, Roca i Cabarro
etal.2 nevertheless leave the question of their structure un
swered. In other words, it is not clear whether these dom
are silicon nanocrystals (nc).

Figure 2 shows the dependence of the Urbach param
er
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EU on DE. It can be seen that, forDE5const, theEU of the
films that we studied is substantially greater than theEU of
standarda-Si : H films. At the same time, as shown in Ref. 1
the opposite picture is observed forND . Thus, the intercon-
nection betweenND andEU usually observed5 for a-Si : H is
absent here.

In connection with what was said above, informatio
was independently obtained concerning the defect density
the test films—by optical modulation spectroscopy~OMS!,
as in Ref. 6. Figure 3 shows the OMS spectra for three film
1 ~standarda-Si : H, DE50.8 eV), 2 and 3 (a-Si : H with
increasedsph/sd , DE50.92 and 1.1 eV, respectively!. It is
well known5 that, asDE varies in the interval 0.8–1.1 eV in
standarda-Si : H, the value ofND determined by the CPM
increases by about an order of magnitude. However, a t
dency is observed here to reduce the defect density as
goes from standarda-Si : H to a-Si : H with high photosensi-
tivity, despite the increase ofDE. Information on the defect
density, as before,6 was obtained by considering the regio
of the OMS spectrum close to 1 eV.

FIG. 2. The Urbach parameter plotted as a function of the activation ene
of dark conductivity. The curve is for standarda-Si : H,5 and the points are
for a-Si : H with increasedsph /sd .

FIG. 3. OMS spectra for films of standarda-Si : H ~1! and a-Si : H with
increasedsph /sd ~2, 3!. TheDE values are given in the text.
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The sharp growth of (2DT/T), called thermomodula-
tion, makes it possible to estimateEg . 6 Earlier, Eg was
determined independently by Tauts’s method for films 1,
and 3:Eg51.75, 1.88, and 1.88 eV, respectively. Despite
difference in the values ofEg of film 1 from films 2 and 3, an
increase of the OMS signal is observed for them, start
with E51.6 eV. This must be evidence that the valence-b
tail is broadened for films with increased photosensitivity

It is obvious that the data obtained by the CPM a
OMS methods agree with each other. Thus, the films that
studied actually have lower values ofND and at the same
time deeper hole traps than standarda-Si : H films with DE
5const. These two factors are responsible for the increa
photoconductivity. We assume that inclusions of sm
~about 1 nm! domains (ns domains! result in the removal of
local stresses in thea-Si : H host. This in turn reduces th
number of dangling Si–Si bonds (D centers!; i.e., the short-
range order is improved. On the other hand, however,
presence ofnsdomains results in inhomogeneity of the stru
ture beyond its limits and broadens the valence-band tai
indicated by the increase of the Urbach parameter.

The structure of thea-Si : H matrix in the films studied
here thus differs from that of standarda-Si : H. Based on the
data of IR spectroscopy, certain differences regarding
hydrogen concentration in the films and the silicon
hydrogen bonds were pointed out earlier in Refs. 1 and
Here we show the Raman spectrum of one of our films wh
has the maximum photosensitivity~Fig. 4!: It could be ex-
pected that the structural features of the Si subsystem s
up most distinctly in this case.

As can be seen in Fig. 4, besides the standardTO band,
the spectrum includes a band at 456 cm21, whereas the one
at 525 cm21, characteristic of the crystalline phase, is abse
The latter can mean that the crystalline inclusions are
small7 (<7 nm) or that thens domains are not nanocrysta
of silicon. It is then possible to attempt to associate the ori
of the band at 456 cm21 with the presence of thens inclu-
sions in the films. We should point out that aTO band at
frequencies close to 456 cm21 was observed during studie
of standarda-Si : H films5 which haveDE51.05– 1.10 eV
and which contain about 16 at. % of hydrogen~twice as

FIG. 4. Raman spectrum for ana-Si : H film with maximumsph /sd .
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much as is contained in intrinsica-Si : H deposited at the
same temperatureTs5300 °C). However, these were single
phase films: no otherTO bands besides that indicated abo
were observed for them; they were distinguished by h
defect density, lowsd , and lowsph. 1 Nevertheless, smal
inclusions of such a phase in thea-Si : H host possibly may
have a positive effect on the electronic properties of
films.

Of course, the question of the nature of the inclusio
that radically increase the photoconductivity ofa-Si : H films
can in no case be considered solved. In this connectio
should be recalled that Azuma et al.8 reported the same pho
tosensitivity ina-Si : H films that contain notnsdomains but
other ‘‘inclusions,’’ consisting of voids~2–4 vol %!; here the
hydrogen concentration in the films reached about 20 at.
Clearly, the role of inclusions in increasing the photosen
tivity actually reduces to a modification of the structu
whose model, taking into account our data, is proposed b
in this paper. This model, in our view, explains the pho
conductivity increase at room temperature in comparis
with the photoconductivity of standarda-Si : H. As for the
increase ofsd with DE5 const,1 it most likely occurs be-
cause the temperature coefficient of the shift of the Fe
level in this case cannot be considered equal to zero, bec
the density of localized states is not symmetrically distr
uted relative toEg/2. The nonsymmetry actually increase
because of the significant broadening of the valence-b
tail. If sd increases by a factor of 10, then, sincesd;exp
(2gF /k),9 we obtain22.831024 eV/K for gF , and for the
temperature coefficient of the«c* 2«F gap, equal togc

2gF , we obtain 5.231024 eV/K if gc52.431024 eV/K.9

We should point out that thegF value that we deter-
mined is significantly lower than that determined by Ru
et al.:10 5.431024 eV/K. However, they studied nota-Si : H
with ns domains but microcrystalline silicon (mc-Si), for
which the crystalline phase was recorded by Raman spec
copy, while the value ofsd(300 K) reached 1023 S/cm. In
other words, it was very high in comparison with thesd of
the samples that we studied (sd51028– 10210S/cm). It
therefore seems logical that the density of localized state
mc-Si undergoes significantly larger change in comparis
with standarda-Si : H than the density of states in films wit
nsdomains. The difference in the temperature coefficients
the Fermi level is attributable to this change.

CONCLUSION

The results which we obtained in this study, with allow
ance for the previous results,1,2,8 have made it possible to
explain the photosensitivity increase atT5300 K in the
a-Si : H films studied here in comparison with standard film
A necessary condition for this explanation is that thea-Si : H
host must be modified by means of nanosizens inclusions,
which, on one hand, reduce the defect density by reduc
the local stresses. On the other hand, the existence of
inclusions strongly broadens the valence-band tail, i.e.
creates very deep traps for holes which lowers the recom
nation rate throughD centers at high temperatures.
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Electrical and photoelectric characteristics of n-Si/porous silicon/Pd diode structures
and the effect of gaseous hydrogen on them

S. V. Slobodchikov, D. N. Goryachev, Kh. M. Salikhov, and O. M. Sreseli

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted June 22, 1998; accepted for publication June 25, 1998!
Fiz. Tekh. Poluprovodn.33, 340–343~March 1999!

The current–voltage characteristics and the photovoltage of Pd/por-Si/n-Si diode structures in
the temperature interval 106–300 K are investigated. The forward branch of the I–V
characteristic at room temperature is exponential, with a nonideality factorn*12. The dependence
of the current on the voltage at a low temperature and a high injection level is a power
function with an exponent equal to 4.1. Amplification of the photocurrent is detected as the reverse
bias increases; the gain reaches 103 at 106 K when the bias was more than 10 V. It is
concluded that a double charge-carrier injection mechanism predominates during charge transfer
through the porous layer. When gaseous hydrogen acts on the structure, the photovoltage
decreases by three orders of magnitude, while the dark current decreases by an order of magnitude.
The structures studied here are characterized by significant relaxation times of the increase
of the currents and the recovery of the currents and the photovoltage after the action of hydrogen.
The effect of hydrogen on the photoelectric characteristics is associated with the formation
of an additional dipole layer at the Pd/por-Si boundary, which lowers the Schottky barrier.
© 1999 American Institute of Physics.@S1063-7826~99!01803-7#
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INTRODUCTION

Most of the attention of researchers studying porous s
con (por-Si) and diode structures based on it is devoted
the phenomena of photo- and electroluminescence, their
pendence on production conditions, and the structure of
porous layers. Study of the electrical and photoelectric ch
acteristics of such structures and, in particular, of me
por-Si structures has received less attention. These stu
however, are of interest both with respect to the curre
transport mechanism in such diode structures and in con
tion with possible practical applications. Kovalevskaya et1

published the results of an experimental study of MOS str
tures with a palladium contact, based on single-crystalp- and
n-type Si, and showed that high-sensitivity hydrogen det
tors can be built.

In this article we present the results of measurement
the I–V characteristics, the photovoltage, and the photo
rent in Pd/por-Si/n-Si structures and the effect of gaseo
hydrogen on them.

EXPERIMENTAL PROCEDURE

The por-Si layers were fabricated by anodizing a
n-Si ~100! surface withr52 V•cm in a mixture of 48% hy-
drofluoric acid with ethanol(1:1) for 10 minwith a current
density of 10 mA/cm2 through a platinum counterelectrod
An ohmic contact was previously created on the oppo
side of the silicon wafer by fusing aluminum and th
sputter-coating gold. During the electrolysis, the light of
100-W incandescent lamp equipped with a filter transpa
3391063-7826/99/33(3)/4/$15.00
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in the IR was focused onto the sample. Such a light inten
was sufficient to completely straighten the bands at the
con surface.

The por-Si surface was metallized by cathode depo
tion of palladium from an aminochloride electrolyt
@Pd~NH3)4]Cl2 with a current density of 1 mA/cm2 for
10 min. The calculated thickness of the palladium layer w
100 nm.

The electrical and photoelectric characteristics w
measured by standard techniques, using an SPM-2 m
chromator and a graphite radiation source. A pulsed H2 sup-
ply was provided by the technique of Ref. 1.

ELECTRICAL CHARACTERISTICS

Figure 1 shows the forward branches~negative potential
on the substrate! of the I–V characteristics, recorded a
T5106 and 300 K. The dependenceI;exp(qV/nkT) with
n*12 is typical at both temperatures in the current inter
to I .1026 A. The exponential behavior is replaced b
the power dependenceI;V4.1 at higher injection levels a
T5106 K.

High values of the nonideality factorn of the I–V char-
acteristics are typical of Schottky barriers based onpor-Si.
While the n values do not exceed 10 in Al/por-Si/p-Si
structures,2 values of 55–60 for Au/por-Si/p-Si structures are
given in Refs. 3 and 4. The parameters of the diodes
improved onn-type substrates and with electrochemical
chemical deposition of the metal contact, and the values
tained forn can therefore be regarded as normal for Schot
© 1999 American Institute of Physics
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barriers made from noble metals. The transition to a po
function of the current versus the voltage at high voltag
and low temperatures,

I;Vm, ~1!

allows the current-transport mechanism to be explained
double injection of carriers into the porous layer—electro
are injected from then-Si substrate through the Si/por-Si
heterojunction and holes are injected through the Scho
barrier. It is evident that, with either polarity of the applie
voltage, the injection coefficients of the electrons and ho
will not be ideal; i.e., the ratiosI n /I and I p /I will be less
than unity. However, the forward direction of the current w
be characterized by a higher injection coefficient of electr
into the porous layer in comparison with hole injection. Fo
monotonic distribution of the carriers injected into thepor-Si
and in the presence of active capture centers, the nonide
factor n is proportional to cosh(W/L), whereW is the thick-
ness of the porous layer andL is the diffusion length.5 When
W@L, the value ofn can be large, as we have observ
experimentally.

As the injection level increases, recombination increa
in the skin layer of thepor-Si at the boundary with Pd and a
the heterojunction boundary with the substrate. The distri
tion of carriers injected into thepor-Si layer becomes non
monotonic, and this changes the form of the I–V charac
istics from exponential to a power function@Eq. ~1!#. When
W.L and the injection contacts are nonideal, the powerm is
4 ~Ref. 5!, consistent with the experimental data.

The forward I–V characteristics are characterized b
long rise time of the forward current when the voltage
applied in steps~Fig. 2!. The presence of steps on certa
curves ~Fig. 2, curve 2! is evidence that several level
with different characteristic times, participate in the captu
and recombination processes. Estimating their depth f
the thermal liberation time, we obtain the energy inter
Eti'0.80– 0.90 eV.

FIG. 1. The current–voltage characteristics~forward direction! of Pd/por-
Si/n-Si structures. Temperature, K:1—300 ~lower scale!, 2—106 ~upper
scale!.
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PHOTOELECTRIC CHARACTERISTICS

Analyzing the results of measurements of the photoe
tric effect in these structures, we should first point out th
the spectral characteristics of neither the photovoltage
the photocurrent display any features in the short-wavelen
part of the spectra corresponding to broad-bandpor-Si, as
observed, for example, in Ref. 6. A Fowler tail correspon
ing to a barrier equal to 0.32 eV is observed on the lon
wavelength section.

The dependence of the photocurrent on the reverse
was studied with close-to-monochromatic illumination wi
l51.0mm ~Fig. 3!. At large voltages, this dependence go
from sublinear to superlinear with a powerm equal to 4.2. At
T5106 K, the gain forV.10 V reaches values of 103. As
the temperature is raised from 106 to 300 K, the gain falls
more than an order of magnitude.

In our view, the influence of two factors should b
evaluated in analyzing the amplification mechanism: the t
neling of minority charge carriers through the Schottky b
rier and the concentration variation of these carriers a
function of the injection level of electrons into the poro
layer. The tunneling of carriers seems unlikely, since, on o

FIG. 2. Curves showing the increase of forward current with stepw
switching on of the voltage for Pd/por-Si/n-Si samples.

FIG. 3. PhotocurrentI ph vs reverse biasV at T5106 K with monochromatic
illumination (l51.0mm).
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hand, the electric fields were not very large (,106 V/cm),
and, on the other, a rather strong temperature dependen
the gain was observed, which cannot be expected with
neling. It is hard to regard a porous silicon layer as an o
nary photoconductor with amplification determined by c
rier transit, sincepor-Si is characterized by extremely low
carrier mobility.7 In addition, the experiments showed th
the photocurrent depends on the polarity of the applied v
age: The photocurrent decreases with forward bias, drop
especially sharply as the bias voltage increases.

The photocurrent amplification in the test structures,
our view, is attributable to the increase of the lifetime an
accordingly, the diffusion length. The observed long-liv
relaxation of the forward current, with a high electro
injection coefficientI n /I , is evidence that the deep cente
are electron-capture centers. With reverse bias at the
por-Si boundary, there is a predominant filling of these ce
ters, and this region broadens along thepor-Si layer as the
voltage increases. The photocarriers in this case have an
bipolar diffusion length that increases with increasing bi
and the number of electron–hole pairs separated by
Schottky barrier accordingly increases. The theoretical
pendence for a nonuniform distribution of minority noneq
librium carriersDp;I;V4 mentioned earlier approximatel
corresponds to theI ph;V4.2 dependence experimentally ob
served for the photocurrent at high reverse bias~Fig. 3!. The
temperature dependence of the photocurrent under rev
bias turned out to be fairly insignificant, as should be e
pected, since the population of deep levels does not v
much in the temperature interval considered here.

EFFECT OF HYDROGEN ON THE PHOTOELECTRIC
AND ELECTRICAL CHARACTERISTICS

The effect of gaseous hydrogen on the region of ma
mum spectral sensitivity is shown in Fig. 4, while the var
tions of the forward branch of the I–V characteristic a
shown in Fig. 5. The virtually inertialess decrease of
photovoltage in a hydrogen atmosphere is almost three

FIG. 4. Photovoltage spectraVph of a Pd/por-Si/n-Si structure:1—initial,
2—in a H2 atmosphere.
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ders of magnitude, while the forward current falls off by le
than an order of magnitude. The reverse current varies
similar way. When this is compared with the results obtain
on single-crystaln-Si,1note that there is a sharply increasin
relaxation of the photovoltage and the dark current after
hydrogen pulse is switched off~Fig. 6!. Moreover, the dark
currents decrease as a result of the introduction of hydrog
whereas they increase inn-Si.1 If the variation of the photo-
volage can be attributed, as before, to the lowering of
Schottky barrier, the variation of the dark currents can m
likely be explained by the effect of hydrogen on the dens
and charge transfer of deep levels in the porous silicon la

The lowering of the Schottky barrier can be attributed
the ‘‘temporary’’ defects initiated by the hydrogen atom
which create an additional dipole layer deposited on the
pole layer of the barrier. As a result, both the photocurr
and the internal differential resistance of the barrier fall o
The reduction of the forward and reverse dark currents, h
ever, in these structures is determined not only by the pr
erties of the Schottky barrier, but also by the curre

FIG. 5. Variation of the dark current~forward direction! with pulsed action
of hydrogen:1—initial curve,2—in a H2 atmosphere.

FIG. 6. Relaxation curves of the dark current in the reverse direction~points
on curve1! and photovoltage~2! after switching off the pulse of H2 . Solid
curve1 shows the calculated values forEt50.8 eV.
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transport mechanism in the porous layer. The forw
current falls off because additional capture centers form
hydrogen atmosphere. This process must reduce the ide
coefficientn.1 A falloff of n has actually been observed e
perimentally:n516 without hydrogen andn512 with hy-
drogen. The sharp lowering of the Schottky barrier in a h
drogen atmosphere causes the electron injection to incr
under reverse bias, and the mechanism by which hydro
affects the reverse current remains essentially the same a
the forward current. In contrast with the forward current, t
relaxation of the reverse current is determined by the libe
tion of nonequilibrium minority carriers from the captu
level Et50.8 eV ~Fig. 6!, which is apparently associate
with a large concentration of these centers in the por
layer. The relaxation dependence of the photovoltage is m
complex and involves the participation of a number of lev
in the process.5 The relaxation times of the photovoltage a
the dark currents are long, about 12 min.

The resulting data on the effect of gaseous hydrogen
the photovoltage and the I–V characteristics of Pd/por-Si/
n-Si structures show that the variations in these characte
tics are comparable in magnitude with the correspond
d
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en
for
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s
re
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n

is-
g

variations in structures based on single-crystal silicon. Ho
ever, the longer relaxation times of the parameters meas
here make it less promising to use these structures to s
gaseous hydrogen.
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Temperature dependence of the quantum efficiency of silicon p 2n photodiodes

Yu. A. Goldberg, V. V. Zabrodsky, O. I. Obolensky, T. V. Petelina, and V. L. Suhanov

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted July 15, 1998; accepted for publication July 28, 1998!
Fiz. Tekh. Poluprovodn.33, 344–345~March 1999!

The temperature dependence of the quantum efficiency of siliconp2n photodiodes for photon
energies of 1.1–5.2 eV is measured in the temperature range 77–300 K. It is shown that
for photons with energies exceeding 1.4 eV the change in quantum efficiency is less than 0.01%
per degree. The temperature dependences of the photoresponse of silicon photodiodes and
of GaAs and GaP Schottky barrier photodiodes are compared. ©1999 American Institute of
Physics.@S1063-7826~99!01903-1#
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1. Silicon p2n structures and GaAs and GaP Schott
diodes are the most widespread ultraviolet semiconduc
photodetectors.1,2 These devices have the common shortco
ing of a sharp drop in quantum efficiency at short wav
lengths. An additional drawback of the GaAs and GaP d
vices is that they have a strong temperature dependenc
the photocurrent, which increases severalfold as the temp
ture is raised from 100 to 300 K.3,4

We are unaware of any experimental papers in which
temperature dependence of the quantum efficiency of silic
p2n-structures has been studied in a wide range of tempe
tures. In this paper we report the results of such a study. O
experiments show that in the short-wavelength interval c
responding to 1.4–5.2 eV, the quantum efficiency is ess
tially independent of temperature. In the long-wavelength
terval corresponding to 1.1–1.3 eV, there is a stro
temperature dependence apparently due to the increa
number of photons required for an indirect optical transitio

A model has been proposed3,4 to explain the rapid rise in
the photocurrent with temperature. According to this mod
photocarriers are captured at traps located in the sp
charge region. This sort of trap presumably is capable
simultaneously capturing an electron and a hole, so that
low temperatures, a large fraction of the photocarriers
combine at traps, while the remainder are ejected from
trap by thermal excitation. This fraction of the photocarrie
also contributes to the photocurrent, which increases w
temperature. The experimental results and their explana
given in Refs. 3 and 4 indicate that there is an extremely h
concentration of traps in the space charge region. Estim
show that atomic traps should have a concentration on
order of 1019 cm23, so that probably these traps are tw
dimensional, like dislocation loops.

The absence of an increase in the photocurrent with te
perature in siliconp2n structures is, we believe, of funda
mental importance. It is evidence of a high technological a
design perfection in the silicon structures and of the abse
of any structural defects in their space charge regions.

2. The objects of study were silicon photodiodes pr
pared by local diffusion from the gaseous phase. An init
n-Si:P substrate with a@100# orientation and a specific resis
3431063-7826/99/33(3)/2/$15.00
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tance of 20V•cm was oxidized in dry oxygen in the pres
ence of chlorine-containing substances. After oxidation
737 mm window was opened up and boron was diffus
into it to a depth of<30 nm. Here the impurity concentra
tion in the layer near the surface was determined by Ruth
ford backscatter spectroscopy~RBS! to be NA(0)
'1022 cm23. An isotypicn2n1 junction was created on th
opposite side. Metal contacts were formed on the front us
photolithographic techniques and etching of a vacuu
deposited aluminum film.

Figure 1 shows the spectral characteristic of a photo
ode of this type. An analysis of the quantum efficiency sp
trum of this photodiode along with the reflection spectrum
silicon5 shows that the inner quantum efficiency of the d
tector is close to unity. This type of detector can operate
the ultraviolet.

A model of similar highly asymmetric siliconp2n junc-
tions with ultrashallow doping has been examined
Redfield.6 A high electric fieldE.104 V/cm, which extends
up to the outer surface of the doped region of thep2n
junction, ensures that the carriers generated in this reg
drift at a high velocity, close to the maximum saturatio
value of '107 cm/s. The time over which a carrier gene
ated near the surface reaches thep2n junction is t<3

FIG. 1. The quantum efficiency of a silicon photodiode~in electrons per
photon! as a function of photon energy at room temperature.
© 1999 American Institute of Physics
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344 Semiconductors 33 (3), March 1999 Goldberg et al.
310213 s. These short drift times explain the low level
recombination losses in the thin, highly doped region of
p2n junction.

3. The results of the experiments are reflected in Fig
and reduce to the following.

For photon energies of 1.1–1.3 eV, the quantum e

FIG. 2. Quantum efficiency of a silicon photodiode~in electrons per photon!
as a function of temperature at several photon energies.
-

ciency increases with rising temperature, and more rapi
for lower energy photons. We assume that this is related
an increase in the number of photons, since when the pho
energy slightly exceeds the band gap, the indirect opti
transitions mainly involve absorption of a photon.

For photon energies of 1.4–5.2 eV, the quantum ef
ciency is temperature independent. Since the error in
measurements was less than 1.5%, we may conclude tha
this region of the spectrum the change in the quantum e
ciency is less than 0.01%/ °C.

We thank O. V. Konstantinov for a discussion of th
results of this study.

1Hamamatsu Photonics Photodiodes Catalog, 1995.
2E. I. Ivanov, L. B. Lopatina, V. L. Sukhanov, V. V. Tuchkevich, and N. N
Shmidt, Fiz. Tekh. Poluprovodn.15, 1343~1981! @Sov. Phys. Semicond.
15, 775 ~1981!#.

3Yu. A. Goldberg, O. V. Konstantinov, O. I. Obolensky, E. A. Posse, an
B. V. Tsarenkov, Fiz. Tekh. Poluprovodn.31, 563 ~1997! @Semiconduc-
tors 31, 473 ~1997!#.

4Yu. A. Goldberg, O. V. Konstantinov, E. A. Posse, and B. V. Tsarenko
Fiz. Tekh. Poluprovodn.29, 219 ~1995! @Semiconductors291, 108
~1995!#.

5H. R. Philipp and E. A. Taft, Phys. Rev.99, 1151~1955!.
6D. Redfield, Appl. Phys. Lett.35, 182 ~1979!.

Translated by D. H. McNeill
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Planar-doped gallium-arsenide structures for bulk potential barrier microwave diodes
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Diodes with a planar-doped potential barrier are devices with charge transfer by majority carriers
for which the height of the potential barrier and the shape of the current–voltage
characteristics can be controlled by means of a definite combination of layers during the growth
of the epitaxial structures. These devices have emerged as potential replacements of
Schottky-barrier diodes for a number of microwave applications. Some typical problems that
arise when structures with a planar-doped potential barrier are grown by molecular-beam epitaxy
are studied. A process for obtaining the structures, based on combining vapor-phase epitaxy
with molecular-beam epitaxy, is proposed. Various methods are studied for forming ohmic contacts
in structures with a planar-doped potential barrier. A process which provides low contact
resistances (,631027 V•cm2) and a high percentage yield of serviceable diodes (.95%) is
developed. Microwave diodes fabricated with a planar-doped potential barrier are
compared with Schottky diodes based on gallium arsenide. ©1999 American Institute of
Physics.@S1063-7826~99!02003-7#
x-
g
le
e
ol

es

s

s

ie
th
e

is
al

ro
o
t
in
th

as-
der
es,

ier.
Diodes with a bulk potential barrier formed in an epita
ial structure based onn-type gallium arsenide by introducin
a thinp-type layer were proposed and experimentally imp
mented at the beginning of the 1980s.1 They became possibl
because of the development of modern epitaxial techn
gies, most importantly, molecular-beam epitaxy~MBE!.

There are two main varieties of such diode structur
so-called camel diodes, in which a dopedp layer is located
directly in a layer withn-type conductivity, and diodes with
a planar-doped potential barrier~PDDs!. Current is trans-
ported in a PDD by majority carriers~electrons! through the
potential barrier formed by introducing a thin,p1 layer into
an undoped region~the i-region! located between two layer
of n-type conductivity~Fig. 1!. The thicknesst and the dop-
ing level NA of the p1 layer in this case is such that it i
completely depleted by the majority carriers~holes!.2,3

It is possible to control the height of the potential barr
in planar-doped structures by varying the parameters of
epitaxial structures. In contrast, for Schottky-barrier diod
~SBDs! based on gallium arsenide, the barrier heightFb is
about 0.7–0.8 eV for most of the metals that are used. Th
important when creating the structures with low potenti
barrier height needed for microwave~MW! detector diodes
with zero bias and mixer diodes in systems with low hete
dyne power. Such low-barrier SBDs are ordinarily based
Si,4 InP,5 or InGaAs.6 PDDs have a number of importan
advantages over them. Since the potential-barrier region
PDD is far from the surface, and since it is formed during
3451063-7826/99/33(3)/5/$15.00
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growth of the epitaxial structure, there are no problems
sociated with how the processing quality of the surface un
the barrier contact affects the characteristics of the diod

FIG. 1. Operating principle of a diode with a planar-doped potential barr
The doping level of thep1 layer isNA5(1 –10)31017 cm23, the thickness
is t55 –10 nm, the doping level of thei layers isND1 , ND2,1015 cm23,
and the thicknesses ared1 , d2510–1000 nm.
© 1999 American Institute of Physics
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346 Semiconductors 33 (3), March 1999 Maleev et al.
and the low-frequency noise caused by surface state
reduced.7,8 The characteristics of PDDs have highe
temperature stability than do those of SBDs.9 Finally, diodes
with planar-doped barriers are more stable against p
overloads.10

A key problem that needs to be solved to ensure
required characteristics of PDDs and their reproducibility
to monitor the charge and the spatial position of the thinp1

layer. Another important aspect is to ensure a low ba
ground doping level and a given thickness of thei layers.
The technological method that most fully satisfies these
quirements is MBE.

The results noted above involving the creation of hig
quality PDDs were achieved by using structures grown
MBE. Nevertheless, there are several technological and
sign problems associated with the need to perfect the c
acteristics of PDDs, to improve the reproducibility of th
parameters, and to increase the output of serviceable dio

In this paper we report the results of an experimen
study of various methods for forming ohmic contacts
planar-doped structures with a bulk potential barrier. We a
optimize the design and technology of growing PDD stru
tures by MBE and carry out a comparative study of the ch
acteristics of MW PDDs and SBDs based on GaAs.

At the first stage of the study, a process was develo
for obtaining PDD structures with given current–volta
characteristics and a given barrier capacitance. A serie
test samples, which differ in the thicknesses of the undo
layers (d1 ,d2) and the position and doping level (NA) of the
p1 layer, was fabricated. The planar-doped structures w
grown by MBE on a Riber-32P apparatus. Silicon was u
as a donor impurity, and Be as an acceptor. To check
quality of the epitaxial structures and the correspondenc
their parameters to the calculated values, test diodes w
fabricated in the form of mesa-structures 70mm in diameter,
with an upper ohmic contact 50mm in diameter and an an
nular ohmic contact to the lowern1 layer. AuGe / Ni / Au
ohmic contacts were formed using a process optimized
lier for fabricating MW field-effect transistors.11 A
peroxide–ammonia etchant was used to etch the mesa s
tures.

In the total-depletion approximation~i.e., assuming
sharp boundaries of the depletion regions! and with a suffi-
ciently high potential barrier, the simple analytical model
Refs. 2 and 3 can be used to describe the I–V characteri
of the PDDs. In the indicated approximation, the potent
barrier height in the absence of external voltage is given
is
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Fb5
eNAt

««0

d1d2

d11d2
,

wheree is the charge of the electron,«0 is the permittivity of
free space, and«513.1 is the relative permittivity of GaAs
If the voltage drop across the undoped layers is much gre
than the thermal potentialkT/e, the current through the bar
rier in both directions is determined in most cases by th
moelectron emission. This current density can be determi
from

J5A** T2expF2
e~Fb2EF!

kT G
3H expF eV

n2kTG2expF2
eV

n1kTG J ,

where A** 54.43104 A/m2K is the effective Richardson
constant for GaAs,T is the absolute temperature,V is the
applied voltage, andn1 and n2 are the ideality factors, de
fined by

n15
d11d2

d1
, n25

d11d2

d2
.

The specific capacitance~per unit area! of a PDD is approxi-
mately constant and in the total-depletion approximation
given by

C5
««0

d11d2
.

Table I shows the design parameters of some of the
grown structures, as well as the calculated and experime
values of the parameters that characterize the I–V chara
istics of the test PDDs. The observed systematic exces
the barrier height over the calculated value can be attribu
to a certain excess of the actual Be concentration relativ
the assumed value, since capacitance measurements co
that the total thickness of the undoped region agrees w
with the calculated value. The growth regimes of the plan
dopedp1 layer were corrected in accordance with the resu
ing data.

A crucial problem in PDD fabrication technology is re
producibility in creating the upper ohmic contact. The use
alloy contacts based on AuGe is possible for a sufficien
thick uppern1 layer ~no less than 0.3–0.4mm!, since local
regions with a large penetration depth of the contact la
can be formed. Alternative versions are to use nonal
ohmic contacts by brazing in a metallic contact coating
t

TABLE I. Parameters of the PDD test structures.

Ideality factor Fb , mV

Sample d1, nm d2, nm t, nm NA , cm23 Calculation Experiment Calculation Experimen

2-640 200 100 10 431017 1.5 1.5 368 577
2-641 300 100 10 431017 1.33 1.5 410 697
2-680 150 30 10 1018 1.2 1.34 344 476
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TABLE II. Comparison of methods of forming the upper ohmic contact.

Structure of the upper Fusing Typical values of Yield of serviceable
contact layer~thickness, Contact ~brazing! contact resistance diodes, %~diameter of
doping level! metallization regime rc , V•cm2 mesa-structures 70mm!

n1-GaAs AuGe / Ni / Au 420 °C, 30 sec, ~1.95– 3.4)31027 74
~400 nm, 331018 cm23) H2 atmosphere

n1-GaAs AuGe / Ni / Au 300 °C, 30 min, ~2.1– 3.2)31027 89
~400 nm, 331018 cm23) H2 atmosphere

n1-In0.5Ga0.5As Ti / Pt / Au 300 °C, 5 min, ~4.9–5.6)31027 94
~50 nm, 131019 cm23) / H2 atmosphere
grad-InxGa12xAs

~50 nm, 531018 cm23) /
n1-GaAs
~50 nm, 331018 cm23)
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temperatures below the eutectic point~a so-called diffusion
contact! or by very strongly doping the skin layer of th
original epitaxial structure.2 We studied both possibilities
Diffusion contacts based on the metallization
AuGe / Ni /Au were formed by brazing at 300 °C for 30 m
in a hydrogen atmosphere. This provided a higher percen
yield of serviceable test diode structures~to 90%! by com-
parison with alloy contacts. However, the technology de
oped for forming ohmic contacts based on the metalliza
of Ti / Au or Cr / Au seems more promising. Instead of
n1-GaAs contact layer, layers ofn1-GaAs,n1-GaxIn12xAs
with variable composition, andn1-Ga0.5In0.5As were gradu-
ally grown. The total thickness of the contact layers w
0.15mm. Various technologies for fabricating ohmic co
tacts are compared in Table II. A technology based on n
alloy contacts ensures a high yield of serviceable struct
~more than 95%!, reproducibility, and low contact resistan
(rc,531027 V•cm2).

As for GaAs-based SBDs, two main types of dev
structures are used when creating MW PDDs: those base
conductive (n1-GaAs! substrates, and those based on se
insulating~SI GaAs! substrates.7,8 The latter version is mor
promising from the viewpoint of movement in the millimet
ge

l-
n

s

n-
es

on
i-

range, since structures based on a semi-insulating subs
make it possible to create diodes with beam leads hav
minimum stray parameters.5 In addition, such structures ar
potentially suitable for monolithic integrated circuits. Rel
tively thick, buriedn1 layers~4–6mm thick!, which ensure
a low series resistance, are ordinarily used in diodes base
semi-insulating substrates.8 Since the characteristic growt
rates of GaAs are about 1mm/h for MBE, it takes much
longer to grow such epitaxial structures. To reduce the du
tion of the MBE process, a combined process was develo
In this process structures with planar doping are grown
standard SAG-5 epitaxial structures~4–5mm of n1 GaAs on
an SI GaAs substrate! obtained by vapor-phase epitax
~VPE!. To prevent a potential barrier from forming at th
epitaxial-structure–substrate boundary, the growth proc
was begun with delta-doping of Si with a surface concen
tion of 531012cm22.

The quality of epitaxial structures for PDDs and the h
mogeneity of their parameters are substantially affected
such factors as the features of the MBE apparatus that is
~most importantly, the homogeneity of the fluxes and t
characteristic defect densities of the epitaxial layers!, as well
as the growth regime~in particular, whether or not the sub
TABLE III. Comparison of technologies for fabricating PDDs.

Lower Upper Yield of
Features Type of Charge of contact layer; contact layer;

Fb , mV
serviceable

of MBE substrate p1 layer, cm22 contact contact Calculation Experiment diodes, %

A n1-GaAs 1012 n1-GaAs, n1-GaAs, 372 392687 73
0.5mm; 0.4mm;

AuGe / Ni / Au AuGe / Ni / Au
B SI GaAs 431011 n1-GaAs, n1-GaAs, 414 527641 86

4.5mm; 0.3mm;
AuGe / Ni / Au AuGe / Ni / Au

C SI GaAs 6.531011 n1-GaAs, n1-InGaAs / GaAs, 384 382617 96
5.0mm VPE 0.15mm;

10.5mm MBE; Ti / Pt / Au
AuGe / Ni / Au

Note: For all the samples, the design value wast510 nm.A andB refer to the EP1203 apparatus with no sample
rotation;C refers to the Riber 32P apparatus with sample rotation.
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strate rotates!. The results of a comprehensive comparison
various methods of growing PDD structures is shown
Table III. It is evident that the last version~technologyC)
excels the first two~technologiesA and B) in terms of the
main parameters.

PDDs suitable for use in balance mixers of the 3-
range were developed in the course of this study. Work
devices have been implemented in the form of a monoli
diode pair~two diodes in one crystal!. A planar design base
on a semi-insulating substrate with insulation by air brid
is used in this case~Fig. 2!, making it easy to keep the activ
regions small and minimizing the stray capacitance. T
working epitaxial structure was grown on an AGChP-8 se
insulating gallium arsenide~SI GaAs! substrate, using tech
nologyC, and consisted of the following layers: a buriedn1

layer 5mm thick ~grown by VPE!, ann1 layer 0.3mm thick,
an undoped layer 150 nm thick, ap1 layer 10 nm thick
doped with Be (NA5731017cm23), an undoped laye
60 nm thick, and an upper contact layer with a total thickn
of 0.15mm. The diameter of the mesas was 15mm, while
that of the upper ohmic contact was 10mm. Peroxide–
sulfuric-acid and peroxide–ammonia etchants were use
fabricate the mesa structures. The devices were passivat
silicon dioxide obtained by plasmochemical deposition. T
lower alloy ohmic contact was created by using AuGe / N
Au metallization, while the upper nonalloy contact used
Pt / Au. The process of fabricating the device was comple
by forming the second metallization based on Cr / Au, g
vanically growing Au, etching the air bridges, and separa
the crystals. The design and the diode-fabrication proc
described here are potentially suitable for millimeter-ran
devices~made in unpackaged form, with beam leads!.

To adequately evaluate the characteristics of the PD
GaAs-based SBDs with an active layer 0.15mm thick, a dop-
ing level of ~5–6)31016cm23, and a barrier electrod
10mm in diameter were fabricated using a similar techn
ogy. Figure 3 shows the I–V characteristics of the diod
while Fig. 4 shows the dependences of the rectified curreI
on the MW signal powerPin with detection in the zero-bia
regime~load resistance 100V).

These studies show that the PDDs are characterized

FIG. 2. Design of the diode.
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relatively weak dependence of the capacitance on the vol
and a low barrier height in comparison with the GaAs-bas
SBDs. The technology developed here ensures high un
mity of the parameters of the individual diodes, which
especially important in implementing balance mixers. T
higher sensitivity of the PDDs at low signal powers make
possible to use them in mixers with a low heterodyne sig
level. A comparison of the Doppler noise of balance mixe
fabricated using GaAs-based SBDs and PDDs showed
the PDDs reduce the low-frequency noise level by a facto
1.5–2 and are as good as the best commercial Si-based S
in terms of this parameter. The mixers based on PDDs
sured that the given value of the conversion factor for h
erodyne powers was a factor of 3–4 lower in this case tha
required when GaAs-based SBDs are used.

In summary, a technology has been developed for fa
cating structures based on gallium arsenide with plan
doped barriers by MBE, and a design and technology h

FIG. 3. The I–V characteristics of GaAs-based diodes:1—PDD, 2—SBD.

FIG. 4. Comparison of GaAs-based diodes operating in the zero-bias d
tor regime:1—PDD, 2—SBD.
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also been developed for fabricating MW diodes based
these structures. The proposed approach ensures that th
rameters are reproducible, reduces the time of the epita
process, and makes it possible to create nonalloy ohmic
tacts and to implement diodes of planar design. The adv
tages of PDDs in comparison with GaAs-based SBDs h
been demonstrated.
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Suppression of Auger recombination in diode lasers utilizing InAsSb/InAsSbP
and InAs/GaInAsSb type-II heterojunctions

G. G. Zegrya, M. P. Mikha lova, T. N. Danilova, A. N. Imenkov, K. D. Moiseev,
V. V. Sherstnev, and Yu. P. Yakovlev

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted July 23, 1998; accepted for publication August 5, 1998!
Fiz. Tekh. Poluprovodn.33, 351–356~March 1999!

The results of a comparative study of the temperature dependence of the threshold current, the
differential quantum efficiency, and the polarization of light are reported for type-I and
type-II InAsSb/InAsSbP heterostructures and for a tunneling injection laser utilizing a type-II
GaInAsSb/InGaAsSb separate-confinement heterojunction. The theoretically predicted
suppression of nonradiative Auger recombination in type-II InAsSb/InAsSbP lasers with a large
ratio of band discontinuities at the interfaceDEv /DEc53.4 is verified experimentally.
Weakening of the temperature dependence of the threshold current is established for both type-II
laser configurations. The maximum working temperaturesTlim5203 and 195 K and the
characteristic temperaturesT0540 and 47 K are attained for~respectively! a conventional type-II
InAsSb/InAsSbP laser and a type-IIp-GaInAsSb/n-InGaAsSb tunneling injection laser.
© 1999 American Institute of Physics.@S1063-7826~99!02103-1#
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In recent years there has been growing interest in
design and study of long-wavelength lasers utilizing III-
compounds for the spectral rangel5225 mm, which have
a promising potential for high-current laser diode spectro
copy and ecological monitoring.1,2 So far, however, long-
wavelength lasers (l.3 mm! operating on interband transi
tions at room temperature are nonexistent. Projects on
design of long-wavelength lasers operating at high tempe
tures are currently in progress at several leading scie
centers.2–7 Infrared lasers constructed on the basis
InAsSb/InAs, GaInAsSb/InAs, and AlGaAsSb/InAsS
double heterostructures grown by liquid-phase epita
molecular-beam epitaxy, and vapor-phase epitaxy from or
nometallic compounds have been operating to date in
continuous-wave regime up to a temperatureT5120 K and
in the pulsed regime up toT5255 K. Consequently, the de
sign of mid-IR lasers operating close to room temperatu
poses an important problem.

Several physical factors are responsible for limiting t
operation of long-wavelength lasers at high temperatur
The main factors affecting the maximum operating tempe
ture of a laser are: a! Auger recombination; b! intraband
absorption of radiation; c! carrier heating processes. Auge
recombination exerts the most powerful influence on t
temperature dependence of the threshold current. This
cess is predominant over radiative recombination in bu
narrow-gap semiconductors of the type InAs, GaSb, a
their solid solutions with a ‘‘resonant’’ band structure, whe
the width of the band gapEg is close in energy to the spin
orbit ~SO! splitting of the valence bandDso ~Ref. 8!. Several
physical approaches have been proposed in recent yea
suppress Auger recombination processes in narrow-gap
erostructures and to improve the temperature characteris
of long-wavelength lasers. These approaches include the
plication of strained-layer structures, type-II superlattice
3501063-7826/99/33(3)/5/$15.00
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and the fabrication of quantum-cascade lasers operating
intersubband transitions.5–7 At present, two types of lasers —
conventional bipolar and quantum-cascade unipolar —
on a par in terms of their optical power parameters a
threshold currents. The major advantage of bipolar lasers
lizing double heterostructures is the relative simplicity
their structure and fabrication technology, which is of utmo
importance for the practical application of such devic
With a decrease in the width of the band gap, however, n
radiative Auger processes begin to prevail in conventio
interband-transition laser structures utilizing narrow-g
III-V compounds.8

In this study we confirmed experimentally a theoretic
prediction of the suppression of Auger recombination
long-wavelength, type-II heterojunction laser structures.
also conducted a comparative study of type-I and type
laser heterostructures and a comparative analysis of their
ger recombination rates.

THEORETICAL ANALYSIS

We consider the schematic band diagram of a type
heterostructure with quantum wells~Fig. 1!. Two Auger re-
combination processes are dominant in type-II heteroju
tions: 1! the CHHS Auger process involving an electron a
a hole with transition of the hole into a SO-split-off band;!
the CHCC process involving the transition of a hot electr
into the conduction band. The CHCC process prevails o
the CHHS process if the following condition is satisfied:

~Eg2Dso!/Eg.mc /mso ,

whereDso is the magnitude of the SO splitting of the valen
band,Eg is the effective width of the band gap, andmc and
mso are the effective masses of the electron and the hol
the SO-split off band, respectively.
© 1999 American Institute of Physics
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In type-II heterostructures, where the band discontin
ties have the same sign, nonequilibrium electrons and ho
are spatially separated, existing on opposite sides of the
erojunction. Consequently, the radiative recombination
nonequilibrium electrons and holes becomes possible w
they tunnel through the heterojunction. This means that t
recombination channels can exist in such structures: thE
channel, where a tunneling electron recombines with a h
in a quantum well, and theH channel, where a tunneling hol
recombines with an electron in a quantum well. As a resu
as shown in Ref. 9, the amplitudes of the two channels
troduce a destructive contribution in the Coulomb interacti
matrix element and, hence, in the Auger recombination ra
Here the Auger recombination rate becomes a nonmonoto
function of the heights of the heterojunctions for electro
(Vc) and holes (Vv). For a specific ratio betweenVc andVv
the Auger recombination rate has a minimum, as dem
strated by the theoretical curve in Fig. 2. For real heterostr
tures the minimum shifts toward smaller ratiosVv /Vc . Since
the radiative recombination rateR depends weakly on

FIG. 1. Band energy diagram of a type-II heterostructure with quant
wells: ~1, 2! initial states of particles in recombination;~3, 4! final states;
H andE are the two possible channels of electron-hole recombination.

FIG. 2. Dependence of the ratio of radiative~R ! and nonradiative~G !
recombination rates on the ratio of the barrier heights in the valence
conduction bands at the heterojunctionVv /Vc . The calculations have been
carried out for a square quantum well with well and barrier dimensio
a5b580 Å, T5250 K.
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Vv /Vc , the ratio of the radiative and nonradiative recom
nation ratesR/G has a maximum at the value ofVv /Vc

whereG passes through a minimum.
It has been shown10 that the contributions to the Auge

transition matrix element~M! from the two recombination
channelsE and H are of the same order of magnitude b
cause of the mutual conversion of light holes and hea
holes when they interact with the heterojunction. These c
tributions toM have opposite signs and cancel each other.
a result, the matrix elementM of the Auger recombination
process in type-II heterojunctions has an additional smalln
of the order of@Tmh /Vcmc#

3/2,1, whereT is the lattice
temperature, andmh is the effective hole mass. Since the tw
recombination channels interfere destructively, the end re
is a reduction in the Auger recombination rate in type
heterostructures. This conclusion is corroborated by the d
minimum for the Auger recombination rate in the depe
dence ofG on Vv /Vc ~Fig. 2!. It is important to compare the
Auger recombination rate in type-II heterostructures at
minimum (Gmin) with the same rate in a type-I heterostru
ture (GI):

Gmin

GI
;S T

Vc

mh

mc
D 3 Vc

Eg
!1.

In contrast with type-I heterostructures, therefore, app
ciable suppression of the Auger recombination proces
possible in type-II heterostructures. On the other hand,
radiative recombination rates are comparable for type-I
type-II heterojunctions:RII /RI;1.

Consequently, our theoretical analysis shows that the
tio of the radiative recombination rate (RII) to the nonradia-
tive Auger recombination rate in type-II heterostructures c
have a sharp maximum, which, in turn, depends on the r
of the barrier heightsVc and Vv at the heterojunction. We
can therefore lower the Auger recombination rate sign
cantly by a suitable choice of parameters for the type-II h
erostructure. Accordingly, the temperature dependence o
internal quantum efficiency (h) and the threshold curren
density (Jth) also depend strongly on the ratioVv /Vc , as
shown in Figs. 3 and 4~Ref. 11!. We have verified the sup

nd

s

FIG. 3. Calculated temperature dependence of the threshold current de
Jth of a type II heterojunction laser structure forVv5Vc ~1 ! andVv53Vc

~2 !. The calculations have been carried out for a square quantum well
well and barrier dimensionsa5b580 Å.
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pression of Auger recombination experimentally in the e
ample of long-wavelength InAs~Sb!/InAsSbP laser hetero
structures with type-I and type-II heterojunctions betwe
the active layer and the cladding layers, along with type
GaInAsSb/InGaAsSb heterostructures.

EXPERIMENT

Two types of InAsSb/InAsSbP heterostructure las
with separate electron and optical confinement were gro
by liquid-phase epitaxy on InAs~100! substrates~Fig. 5!. In
one of the structures the active layer formed a type-II hete
junction with cladding layers~Fig. 5a!; the second structure
had a type-I heterojunction~Fig. 5b!. Electron confinemen
was provided by InAs layers in the first case and
InAs0.84Sb0.06P0.1 layers in the second case. The composit
of the active region and the optical confinement layers w
identical for both structures ~InAs0.95Sb0.05 and
InAs0.5Sb0.16P0.34, respectively!. The band discontinuities
(DEc and DEv) at the heterojunctions between the acti
region and the cladding layers in the type-II lasers were
equal toDEc;15 meV andDEv;52 meV, i.e., their ratio
was DEv /DEc53.4, which should correspond to the min
mum Auger recombination rateGA ~Fig. 2!.

In addition, two types of tunneling injection lasers inco
porating a type-II GaInAsSb/InGaAsSb heterojunction in

FIG. 4. Calculated temperature dependence of the internal quantum
ciency h for Vv5Vc ~1 ! and Vv53Vc ~2 !. The calculations have bee
carried out for a square quantum well with well and barrier dimensiona
5b580 Å.

FIG. 5. InAsSb/InAsSbP laser structures:~a! with a type-II heterojunction at
the interface with the active region;~b! with a typ-I heterojunction at the
interface with the active region; ~1 ! layer of solid solution
InAs0.52Sb0.18P0.3; ~2 ! InAs; ~3 ! InAs0.95Sb0.05; ~4 ! InAs0.84Sb0.06P0.1.
-

I

s
n

-

e

t

active region were grown by liquid-phase epitaxy o
InAs~100! substrates.12 The active region of these lasers con
sisted of two quaternary solid solutions Ga12xInxAsySb12y ,
one wide-gap (x50.17, y50.22) and the other narrow-gap
(x50.83, y50.78), which formed a separate-confineme
type-II heterojunction~Fig. 6!. The layers of the solid solu-
tion InA0.62Sb0.12P0.26 were used to improve the optical con
finement. This structure was invested with good electr
confinement by high barriers at the heterojunctio
(DEc5640 meV andDEv5420 meV!.

Mesa stripe lasers were fabricated by standard lithog
phy with a stripe width of 15mm and a cavity length of the
order of 350mm. All the types of laser structures were in
vestigated in the pulsed regime with a pulse length
100–500 ns and a repetition rate of 105 Hz in the temperature
range T5772200 K. The temperature dependence of th
threshold current, the differential quantum efficiency, and t
polarization of radiation in the spontaneous and coherent
gimes were investigated.

RESULTS AND DISCUSSION

Type-I and Type-II Heterostructures Based on an InAsSb/
InAsSbP Heterojunction

We have set ourselves the objective of investigating t
characteristics of laser structures with various rati
DEv /DEc . It has been shown10 that the maximum suppres-
sion of nonradiative Auger recombination is attainable for
ratio DEv /DEc;324. In addition, increasingDEv has a
positive effect on the localization of holes in the active re
gion of the laser structure, an important asset in relation
lasing near room temperature. We have investigated the te
perature dependence of the threshold current~Fig. 7! and the
differential quantum efficiency~Fig. 8! on the structures
shown in Fig. 5. While a characteristic temperatureT0535
240 K and limiting working temperatureTlim5203 K are
attained for the type-II InAsSb/InAsSbP heterojunction las
~Fig. 7, curve2 !, the same characteristics for the laser stru

fi-

FIG. 6. Schematic diagram of the structure of a tunneling injection las
with a p-GaInAsSb/n-InGaAsSb separate-confinement type-II heterojun
tion in the active region.
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ture utilizing a type-I heterojunction areT0525228 K and
Tlim5145 K ~Fig. 7, curve3 !. It is important to note that the
absolute values of the threshold currentJth and the quantum
efficiency h for both types of laser structures are close
T577 K, but their temperature dependences differ marked
A significant difference for the two investigated types o
structure is observed in the temperature dependence of
differential quantum efficiency~Fig. 8!. While h;20% for
both types of structures at a low temperature~77 K!, for
type-I heterojunction lasers it drops more steeply with t
temperature, indicating a sizable contribution from the no
radiative Auger process. For example, when the worki
temperature is raised to 120 K, the quantum efficiency in t
type-II heterojunction structures is four times its value fo
type-I heterojunction lasers. A comparison of the two typ
of laser structures having an active region based on a typ
heterojunction with different ratiosDEv /DEc reveals sub-
stantial weakening of the temperature dependence of
threshold current and the attainment of a higher worki

FIG. 7. Temperature dependence of the threshold currentJth for three types
of laser structures:~1 ! InAsSb/InAsSbP laser with a type-I heterojunctio
(T0525 K, Tlim5160 K!; ~2 ! type-II InAsSb/InAsSbP heterojunction lase
(T0540 K, Tlim5203 K! with a type-II heterojunction;~3 ! GaInAsSb/
InGaAsSb laser with a type-II heterojunction in the active regio
(T0547 K, Tlim5195 K!.

FIG. 8. Temperature dependence of the differential quantum efficiency
the two laser structures shown in Fig. 5:~1 ! type-I heterostructure;~2 !
type-II heterostructure.
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temperature for type-II heterojunction lasers wi
DEv /DEc;3. This experimental result is, in our view, d
rect confirmation of the theoretically predicted9–11 mecha-
nism underlying the suppression of Auger recombination a
type-II heterojunction.

To compare the roles of type-I and type-II heterointe
faces in radiative recombination processes, we have inve
gated the polarization of the laser beam. We have uncove
an appreciable TM-polarization contribution in both types
laser structures~the vectorE is perpendicular to the plane o
thep-n junction!. The degree of polarizationa is determined
from the standard relation

a5
PTM2PTE

PTM1PTE
,

wherePTM andPTE are the radiation intensities for TM- an
TE-polarized light, respectively. The maximum values ofa
are 80% and 73%~at a currentJ;1.5Jth) for type II and type
I heterostructures, respectively. It has been shown12 that TM
polarization is typical of indirect radiative transitions asso
ated with carrier-heterojunction interaction.

We can conclude, therefore, that interface recombina
is predominant in the temperature interval 77–120 K in
sers with an type-II InAsSb/InAsSbP heterojunction betwe
the active region and the cladding layers.

We have estimated the Auger recombination coefficie
of type-I and type-II laser heterostructures by comparing
theoretical results with the experimental data. The thresh
currentJth can be specified in a form that takes into accou
the contributions of radiative (Jph) and nonradiative (JA)
recombination:

Jth;e~Rph1GA!5Jph1JA ,

where Rph and GA are the two-dimensional radiative an
Auger recombination rates, respectively. At high tempe
tures (T.150 K!, where the main contribution to the curre
is from the Auger process, the threshold current is

Jth;JA5eCA~nth!
3,

where CA is the Auger coefficient, andnth is the two-
dimensional concentration at the lasing threshold. The ch
acteristic temperatureT0 is now determined from the relatio

1/T05d~ lnJth !/dT.

Using the experimentally determined threshold curre
in type-I and type-II heterostructures, we have estimated
values of the two-dimensional Auger recombination coe
cients atT5160 K:

CA
I ;2310215cm4/s and CA

II;4.6310216cm4/s.

Thus, Auger recombination is suppressed by the fac
CA

I /CA
II;4.4 in type-II heterostructures. This reduction is fu

ther corroborated by an increase in the quantum efficie
and a decrease in the threshold current by approximately
same ratio.

or
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Laser Utilizing a Separate-Confinement Type-II 1-GaInAsSb/
InGaAsSb Heterojunction with an Improved Temperature
Characteristic

As mentioned in the description of the experiment,
have fabricated a tunneling injection laser structure us
a separate-confinement type-IIp-n heterojunction in the
system of solid solutions p-Ga0.83In0.17As0.22Sb0.78/
n-In0.83Ga0.17As0.78Sb0.22 ~Fig. 6!. We first described the con
cept and initial implementation of this type of laser in Re
13. As expected, the asymmetric structure of the band
continuities and the large heights of the cutoffs in the c
duction and valence bands at the heterojunct
(DEc;640 meV andDEv;420 meV! endow such a struc
ture simultaneously with good electron and hole confi
ment. Since the principal mechanism of radiative recombi
tion in the structure is tunneling radiative recombinati
through quantum states at the type-II heterojunction, we
pected to see the suppression of Auger recombination a
weaker temperature dependence of the threshold curre
comparison with the results of Ref. 12, in which a lik
carrier ~p-p!, separate-confinement type-II heterojuncti
was used in the active region, and strong leakage of h
across the heterojunction created a high threshold curr
Indeed, it is evident from Fig. 7 that the threshold current
the investigated structure utilizing a type-IIp-n heterojunc-
tion is four times smaller than in the previous type-IIp-p
heterojunction laser structure described in Ref. 12. The t
perature dependence of the threshold current is weaker
in InAsSb/InAsSbP lasers operating in the same spectra
terval of 3.223.4mm atT577 K. The GaInAsSb/InGaAsSb
laser operates in the pulsed regime up to 200 K, with a ch
acteristic temperatureT0547 K. When the temperature i
raised above 150 K, the threshold current increases cons
ably (T0530 K!. This behavior can be attributed to th
threshold current contribution from the Auger process as
ciated with the transition of a hot hole into the SO-split-o
band~CHHS! and to the absorption of radiation by free ca
riers inside the valence zone.

An investigation of the polarization of light in the spon
taneous and coherent regimes for this laser structure h
also demonstrated the predominant role of TM polarizat
with an increase in the current. This result corroborates
tunneling origin of optical radiative transitions through t
type-II heterojunction.

To further improve the characteristics of lon
wavelength lasers and to elevate their working tempera
to room temperature, the design of the laser structure
have to be improved and other processes~carrier leakage
across the heterojunctions, intraband absorption, and ca
heating! will have to be taken into account. We note that t
suppression of Auger recombination has also been obse
in quantum-well laser structures utilizing type-
heterojunctions.13–15
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CONCLUSIONS

We have carried out comparative studies of laser hete
structures utilizing type-I and type-II heterojunctions in th
systems of solid solutions InAsSb/InAsSbP and GaInAsS
InGaAsSb. We have observed experimentally the theor
cally predicted suppression of Auger recombination in las
with a type-II heterointerface. The suppression of Auger
combination produces a substantial increase in the quan
efficiency and raises the working temperature of laser str
tures based on a type-II GaInAsSb/InGaAsSb heterojuncti
We have estimated the Auger recombination rate consta
in type-I and type-II heterostructures. We have shown th
nonradiative Auger recombination can be controlled with
reasonable limits by the right choice of heterostructure p
rameters~relative heights of the barriers at the heterojunctio
boundaryDEc andDEv). The working temperature limit of
long-wavelength lasers can be raised to room temperatur
higher by further optimizing the laser structure with allow
ance for other processes~carrier leakage across the hetero
junctions, intraband absorption, and carrier heating!.

This work has received partial support from the Russi
Fund for Fundamental Research, Projects No. 96-17841a
No. 98-07-90336, and from the Ministry of Science Progra
‘‘Physics of Solid State Nanostructures,’’ Projects No. 9
1010 and No. 97-0003.
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Bistability of electroluminescence in a type-II AlGaAsSb/InGaAsSb double
heterostructure

B. E. Zhurtanov, K. D. Moiseev, M. P. Mikha lova, T. I. Voronina, N. D. Stoyanov,
and Yu. P. Yakovlev

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted August 5, 1998; accepted for publication August 6, 1998!
Fiz. Tekh. Poluprovodn.33, 357–361~March 1999!

Electroluminescence bistability is observed in a typ-IIP-AlGaAsSb/p-InGaAsSb/
N-AlGaAsSbheterostructure with lightly doped cladding layers and a narrow-gap active region
~the width of the band gap isEg5326 meV at the temperatureT577 K). A current-
controlled negative differential resistance is observed in the forward branch of the current-
voltage characteristic. Strong narrowband electroluminescence~half-width ;7210 meV) is
observed at the end of the negative differential resistance interval, where the photon
energy at the radiation maximum exceeds the width of the band gap of the narrow-gap material
by 50 meV. This phenomenon is attributed to the tunneling injection and indirect radiative
recombination of carriers localized at the AlGaAsSb/InGaAsSb heterojunction. As the voltage is
increased, radiative transitions in the bulk of the active region begin to provide the main
contribution, and the radiation maximum jumps to the long-wavelength end. Tunneling injection
structures of this kind can be used to construct highly efficient current-controlled light-
emitting diodes. ©1999 American Institute of Physics.@S1063-7826~99!02203-6#
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Type-II heterostructures made from In~Ga!AsSb solid
solutions, which are isoperiodic with InAs and GaSb su
strates, and InAs/Ga~In!Sb quantum-well structures hav
been vigorously studied in recent years as promising st
tures for the design of lasers operating in the spectral ra
l5325 mm ~Refs. 1–4!. This range contains absorptio
bands of many industrial gases, so that the design of s
light sources has important bearing on gas analysis and
logical monitoring problems. A new type of tunneling inje
tion laser utilizing separate-confinement type II heteroju
tions has been proposed recently. In such a laser carrier
injected into the active region by the resonant tunneling
electrons across the heterojunction, thereby obviating
need for additional electron confinement.5 I has also been
predicted theoretically6,7 that nonradiative Auger recombina
tion can be suppressed at a type-II heterojunction. All th
considerations focus close attention on the study of typ
heterojunctions.

In this paper we give the results of a detailed investi
tion of the bistability of injection electroluminescenc
in double heterostructure lasers utilizing type
Al xGa12xAsSb/In12xGaxAsSb heterojunctions with a
narrow-gap active region and asymmetric band discontin
ties at the heterojunction.

The investigated AlxGa12xAsSb/InGaAsSb laser struc
tures with a high Al content in the cladding laye
(x50.63) were grown by liquid-phase epitaxy on
p-GaSbn~100! substrate~Fig. 1a!. A layer of the narrow-gap
solid solution In0.93Ga0.07As0.82Sb0.18 ~width of the band gap
Eg50.326 meV atT577 K) was chosen as the active regio
it was placed between two layers of the wide-gap solid
lution Al0.63Ga0.37AsSb (Eg51.47 meV atT577 K). Either
the P-AlGaAsSb cladding layers were intentionally left u
3551063-7826/99/33(3)/4/$15.00
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doped, or they were lightly doped with a Zn impurity from
the fluxed melt during growth, so that the density of carrie
in them did not exceedp5131017cm23. The carrier den-
sity in the Te-dopedN-AlGaAsSb cladding layers was of th
order of n5431017cm23. The p-type active region was
doped with Zn during growth to a carrier densityp52
31017cm23. The band energy diagram of the AlGaAsS
InGaAsSb heterostructure is a stepped type-II heterojunc
with asymmetric band discontinuities at the heterojunct
DEc51.35 eV~conduction band! andDEv50.2 eV ~valence
band!, as established in Ref. 8~Fig. 1b!.

Mesa-stripe laser structures with a cavity length
350mm and a stripe width of 11mm were constructed by
standard photolithography. The electroluminescence was
vestigated in the quasi-steady-state regime driven by cur
pulses of duration 2.5 ms with an off-duty factor equal to
The electroluminescence spectra were recorded by
MDR-4 grating monochromator with a 150-line grating. Th
infrared signal receiver was a liquid-nitrogen-cooled In
photoresistance.

The current-voltage~I-V! characteristics and electrolu
minescence of forward-biased typ-IIP-AlGaAsSb/
p-InGaAsSb/N-AlGaAsSb double heterostructures were i
vestigated atT577 K.

Strong bistability of the currentJ from the applied volt-
ageU is observed in the forward branch of theI-V charac-
teristic of the investigated structure, and theI-V characteris-
tic is S-shaped with a negative differential resistance~NDR!
interval and a turn-on voltageUon53.6 V ~Fig. 2!. We note
that such a behavior of theI-V characteristic has been ob
served previously in InAs/AlGaSb resonant-tunneling dou
heterostructures.9
© 1999 American Institute of Physics
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On the first part of the forward branch of theI-V char-
acteristic the total current through the structure increa
slowly and does not exceed 60 mA at the turn-on volta
Faint electroluminescence begins to appear immediately
ter turn-on ~the beginning of the NDR interval
U53.47 V). The emission spectrum~Fig. 3! contains a
single band with a photon energy at the maximumhnm

.370 eV (lm.3.34mm) and a half-width of the order o
30 meV. As the control current is increased, the voltage
the structure is observed to drop abruptly to 1.1 V~Fig. 2!,
and strong electroluminescence sets in with a threshold

FIG. 1. Layered profile of the band gap of the laser structure~a! and band
energy diagram of a type-IIP-AlGaAsSb/p-InGaAsSb/N-AlGaAsSb double
heterostructure in thermodynamic equilibrium~b!.

FIG. 2. Current-voltage curve of a forward-biased type-IIP-AlGaAsSb/
p-InGaAsSb/N-AlGaAsSb double heterostructure.
s
.
f-

n

e-

havior at the end of the NDR interval. Now a single ba
having an asymmetric shape with a half-width of 7–10 m
and a sharp short-wavelength edge is observed in the s
trum ~Fig. 3!. The maximum of the band occurs at a wav
length lm53.3mm, which corresponds to a photon ener
hnm5376 eV. It is important to note that this band is shifte
almost 50 meV along the energy scale in comparison w
the width of the band gap of the active region of the la
structure (Eg50.326 meV). The intensity of the observe
superluminescence for the given band is comparable with
emission intensity of a diode laser at the lasing threshold

The asymmetric shape of the emission band, its h
intensity, and the ‘‘blue’’ shift of the photon energy at th
maximum of the emission spectrum mandated a more
tailed investigation of the electroluminescence characteris
of such heterostructures with a view toward determining
possible mechanisms of radiative recombination in la
double heterostructures utilizing AlGaAsSb/InGaAs
type-II heterojunctions with asymmetric band discontinuit
at the heterojunction.

We note that the total voltage is distributed nonu
formly in the structure. In the investigated laser structu
the narrow-gapp-InGaAsSb active layer is bounded b
wide-gapP-type andN-type AlGaAsSb emitter layers. Base
on data from a scanning electron microscope examinatio
chips of the investigated heterostructures in the induced
rent regime, it has been established that a very large sp
charge region is situated in theN-AlGaAsSb cladding layer,
i.e., a strong built-in electric field exists near th
p-InGaAsSb/N-AlGaAsSb heterojunction. Consequently, a
external bias voltage applied in the structure drops mo
~about 2.0 V, based on our estimates! near theN-AlGaAsSb/
p-InGaAsSb heterojunction, and a comparatively small fr
tion of it drops at theP-AlGaAsSb/p-InGaAsSb heterojunc-
tion.

FIG. 3. Electroluminescence spectra for various bias voltages:~1 !
U51.1 V; ~2 ! U51.4 V; ~3 ! U51.8 V, T577 K.
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Figure 4 shows the dependences of the emission w
lengthlm ~curves2 and28! and intensities~curves1 and18!
on the applied external biasU corresponding to the voltag
interval on the part of theI-V characteristic after transition
through the NDR interval~Fig. 5!. Three characteristic inter
vals are also discerned on these curves. The emission in
sity increases sublinearly as the external bias is increase
the voltage interval 1.1–1.4 V. The maximum of the em
sion band shifts toward the long-wavelength end
lm.3.5mm, and the electroluminescence band broaden
20 meV. However, the shape of the band remains asymm
ric with a steep short-wavelength edge. The current thro
the structure increases superlinearly in this voltage interv

A further increase of the external bias in the volta
interval U51.421.8 V causes the emission voltage to su

FIG. 4. Dependences of the electroluminescence intensity~1, 18! and emis-
sion wavelengthlm ~2, 28! on the applied voltageU.

FIG. 5. Current-voltage characteristic and dependence of the emissio
ergy on the voltage for a type-IIP-AlGaAsSb/p-InGaAsSb/N-AlGaAsSb
double heterostructure after traversal of the negative differential resist
interval.
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denly drop by one half, while the wavelength correspond
to the maximum of the emission band remains const
(lm53.5mm). It should be emphasized that the curre
through the structure increases in this voltage interval, gra
ally approaching saturation.

It is interesting to note that the behavior of all thre
graphs representing the voltage dependences of the cur
emission wavelength, and emission intensity exhibits
abrupt change at an external bias voltageU.1.8 V. A linear
dependence of the current on the voltage is observed a
external bias above 1.8 V, its slope corresponding to a
sidual series resistanceRs51 V. In this case the emission
intensity in the voltage interval 1.8–2.0 V increases slight
approaching saturation atU.2.0 V. The maximum of the
emission band, in turn, suddenly shifts in the lon
wavelength direction tolm.3.8mm, which corresponds to
the characteristic wavelength for interband radiative reco
bination in the bulk of the narrow-gap solid solutio
In0.94Ga0.06As0.82Sb0.18. The shape of the observed emissi
band is nearly symmetric~Gaussian! with a half-width of
30 meV, which is also characteristic of interband transitio

It is evident from Fig. 4 that the plot of the intensit
versus voltage has hysteresis. When the external bias is
ered from 2.0 V to 1.05 V~reverse path, curves18 and 28!,
the behavior of the electroluminescence intensity and em
sion wavelength curves repeats the behavior of these cu
when the external bias is increased~forward path, curves1
and2 ! in the voltage intervals 1.1–1.4 V and 1.8–2.0 V.
the voltage interval 1.4–1.8 V, however, the electrolumin
cence intensity decreases monotonically as the external
is either increased or decreased.

Thus, it is evident from the experimental data th
the electroluminescence spectrum of an AlGaAsS
InGaAsSb/AlGaAsSb depends strongly on the applied ex
nal bias. At the instant of onset of superluminescence
maximum of the emission band shifts upward 50 meV alo
the energy scale in comparison with the width of the ba
gap of the narrow-gap layer; now the band has a hig
asymmetric profile, and its half-width is close tokT. As the
voltage on the structure is increased~to 2 V!, this narrow
emission band gradually transforms into a longer-wavelen
band (hnm.326 meV) with a symmetric profile of half
width of 30 meV, which is typical of interband radiative tran
sitions. We should add that we have previously obser
such a ‘‘blue’’ shift of the electroluminescence due to t
strong pileup of electrons at a type-II heterojunction in
AlGaAsSb/InGaAsSb double laser heterostructure with cl
ding layers containing 34% Al~Ref. 10!, in quantum-well
structures,11 and in GaAs/GaAlAs superlattices.12

To analyze the possible mechanism of radiative reco
bination and current flow through the structure, we consi
the band energy diagram of a forward-biased type
P-AlGaAsSb/p-InGaAsSb/N-AlGaAsSb heterostructure~Fig.
6!. An electron channel exists at the type IIP-AlGaAsSb/
p-InGaAsSb heterojunction in thermodynamic equilibrium13

In the given situation a two-dimensional electron gas ac
mulates in the quantum well near the heterojunction on
side of the narrow-gap semiconductor, as a result of the re
nant transition of electrons from the deep acceptor levelEA

n-
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situated in the lightly doped wide-gap solutionP-AlGaAsSb
(EA5400 meV, nativeVAl defect14! into the conduction
band of the narrow-gapp-InGaAsSb solid solution.

When an external bias is applied to the laser structu
the band bends at theP-AlGaAsSb/p-InGaAsSb heterojunc
tion increase: The top of the valence bandEv of the
P-AlGaAsSbsolid solution drops down, while the bottom
the conduction bandEc of the p-InGaAsSb solid solution
moves upward. Consequently, the depth of the self-con
tent quantum wells at theP-p heterojunction increases, an
their width, in turn, decreases. In this case the quantum-w
levels of electrons and holes are squeezed out of the qua
wells, and the energy spacing between them increases.
direction of the external electric field in the presence of b
coincides with the direction of the internal field of the type
P-AlGaAsSb/p-InGaAsSb heterojunction. In our opinion, a
increase in the voltage on the structure strengthens the lo
ization of carriers near theP-p heterojunction and raises th
densities of electrons and holes at the quantum-well lev
The strong electroluminescence generated as a result o
direct ~tunneling! optical transitions of localized electron
and holes across theP-p heterojunction leads to suppressio
of the narrow, short-wavelength emission band.3

We note that the filling of an electron level in a quantu
well on the side of the narrow-gap InGaAsSb solid solut
in our case is a resonance process induced by injection f
the wide-gapN-AlGaAsSb solid solution across the type-
N-AlGaAsSb/p-InGaAsSbheterojunction in the presence o
forward bias. The high potential barrier created by the asy
metry of the band discontinuities at theP-AlGaAsSb/
p-InGaAsSb heterojunction prevents any further movem
of electrons and forces them to pile up at theP-p heterojunc-
tion on the side of the InGaAsSb layer. We assume that
observed strong electroluminescence in our case repre
the superposition of radiation from two recombination cha
nels: interface~tunneling! recombination through localize
states at theP-AlGaAsSb/p-InGaAsSb heterojunction an
bulk recombination due to interband transitions in t

FIG. 6. Band diagram of a forward-biased type-IIP-AlGaAsSb/
p-InGaAsSb/N-AlGaAsSbdouble heterostructure. The arrows indicate rad
tive transitions:~1 ! at theP-p heterojunction;~2 ! in thep-InGaAsSb layer.
EFn andEFp are the Fermi quasi-levels of electrons and holes.
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narrow-gapp-InGaAsSb layer. The interface radiative r
combination channel is dominant in the voltage interval 1.
1.4 V, whereas in the presence of an external bias higher
1.8 V we observe a pattern where the main electrolumin
cence contribution is from bulk radiative recombination. W
therefore have an interface-to-bulk recombination switch
mechanism in the voltage interval 1.4–1.8 V.

Thus, electroluminescence bistability associated w
two distinct radiative recombination mechanisms in the
tive region is observed inP-AlGaAsSb/p-InGaAsSb/
N-AlGaAsSbdouble laser heterostructures with lightly dop
cladding layers. When an external bias voltage is applied,
electroluminescence is initially governed by tunneling carr
injection and indirect~interface! radiative recombination,
across the heterjunction, of electrons from a quantum wel
the side of the narrow-gap layer of the InGaAsSb solid
lution with holes localized in the wide-gap AlGaAsSb sol
solution. When high voltages are applied to the structu
radiative transitions in the bulk of the active region begin
provide the main contribution. Such tunneling injectio
structures can be used to construct highly efficient curre
controlled IR light-emitting diodes.

This work has received partial support under the a
pices of the Ministry of Sciences Project ‘‘Physics of So
State Nanostructures’’ No. 96-1010.
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Effect of heat treatment on the photoelectric properties of Si „Zn… photodetectors
E. V. Astrova, V. B. Voronkov, A. A. Lebedev, A. N. Lodygin, and A. D. Remenyuk
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It is established that the heat treatment ofp-type silicon doped with zinc at a high concentration
(NZn'231016 cm3) in the temperature range 4502650 °C induces inhomogeneities of the
electrical conductivity, which are detrimental to the stable operation of an ionization image
converter. Their formation leads to a marked increase~as much as 102-fold! in the
photoconductivity, a variation of its spectral curve, the onset of slow relaxation of the photocurrent
and a persistent conductivity, and current filamentation. The observed phenomena can be
explained by a model based on the spatial separation of carriers, where the recombination of
nonequilibrium holes with negative charged zinc centers is prevented by potential barriers
formed by these inhomogeneities. It is postulated that the inhomogeneities of the potential in
p-type Si~Zn! are the result of a redistribution of zinc centers in the crystal with the
formation of i-type inclusions in thep-matrix. © 1999 American Institute of Physics.
@S1063-7826~99!02303-0#
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INTRODUCTION

It has been established that a zinc atom occupyin
lattice site in silicon exhibits the properties of a deep, dou
charged acceptor, producingEZn1 (Ev10.3 eV! and EZn2

(Ev10.6 eV! levels in the band gap.1 The phenomenon o
low-temperature (T<100 K! impurity photoconductivity in-
volving the EZn1 level has found applications in the desig
of highly sensitive near-infrared photodetectors.2,3 In the
same category are ionization image converters capabl
transforming thermal radiation from an object into visib
light.4,5 The operating principle and capabilities of this ty
of thermographic system are described in Ref. 6.

The converter is a gas-discharge device with two el
trodes~one a zinc-doped silicon plate, and the other a gl
plate with a transparent conducting layer!, to which a high dc
voltage is applied. The discharge gap of thickness;100mm
is filled with a gas at below-atmospheric pressure. The p
tosensitive silicon electrode determines the local current d
sity and luminance of the gas discharge. The luminance
the visible part of the spectrum is proportional to the lo
variation of the conductivity of silicon. In the presence of
high electric fieldE'53103 V/cm the semiconductor mus
operate as a linear resistive electrode and be extremely
mogeneous. When zinc-doped silicon Si~Zn! is used, un-
stable burning of the discharge with the formation of curr
filaments in the form of bright luminescent dots is observ
in the ionization system in a number of cases,7 together with
a long afterglow. It has been shown7 that the discharge zon
merely has a passive role in the formation of the curr
filaments, and the observed instabilities are caused by in
mogeneity of the semiconductor. Our objective in this stu
was to investigate the conditions and causes of the ons
the inhomogeneities and time lags, which deter the utili
tion of Si~Zn! semiconductors in ionization image conve
ers.
3591063-7826/99/33(3)/7/$15.00
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SAMPLE PREPARATION

Silicon prepared by the floating-zone method and dop
with phosphorus, with a resistivityr5300V•cm ~phosphor-
us concentrationNP51.731013cm23), was used for the zinc
doping operation. Zinc was diffused into wafers of diamet
30 mm in an evacuated cell at a temperatureT51180 °C and
zinc vapor pressure of 2 atm. The cooldown rate to;700 °C
was;8 deg/s. During the diffusion period (>29 h! the wa-
fer, having a thickness of 1 mm, was uniformly saturat
with zinc8 at a concentration;231016cm23, which is close
to the maximum solubility. The conductivity changed t
p-type, the silicon acquiring a low resistivity at room tem
perature (r512218V•cm atT5300 K! and a high resistiv-
ity at a low temperature (r>1012V•cm at T577 K!. We
refer to this material from now on asp-type Si~Zn!. To form
a transparent ohmic contact, boron B1 ions were implanted
in one of the surfaces of the wafer before and after Zn d
fusion. In the first case the boron was activated during d
fusion annealing, and in the second case the sample
subjected to an additional 20-s pulsed photon anneal
T'1050 °C. The metal ring used to attach the photodetec
to the voltage source in the gas-discharge cell was braze
a temperature of 4502650 °C.

The functional readiness and main parameters of
photodetector were determined by placing it in a ga
discharge chamber~Fig. 1!. Light from an incandescent lamp
was focused onto the silicon plate from the side of t
p1-contact, and a uniform illumination was created, its i
tensity regulated by means of neutral filters. The photodet
tor was cooled down toT585 K, and a voltageVc<1000 V
was applied between the electrodes. The operating regim
the system was such as to maintain the burning of
Townsend discharge with a constant voltage drop;300 V
across the gas-discharge gap. The criteria of functional re
ness of the photodetector were uniform luminescing of t
© 1999 American Institute of Physics
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discharge over the entire area and linearity of the curre
voltage~I-V ! curve and the current-illuminance curve~CIC!.
The power-current sensitivityR of the detector was deter
mined from the slope of the CIC at an interelectrode volta
Vc5800 V ~i.e., 500 V on the Si wafer!. The dark current,
more accurately called the background current by virtue
the high sensitivity of Si~Zn! to room-temperature therma
radiation, was determined at the same voltage with the l
source turned off. The dark current densityj b nonetheless
served as a useful parameter for characterizing the phot
tectors in the presence of identical background illuminati

EXPERIMENTAL RESULTS

It has been established that the ‘‘dark’’ current dens
j b and the photosensitivityR increase as a result of the he
treatment of a Si~Zn! photodetector during preparation of th
contacts. Table I shows data obtained for wafers from e
batches of photodetectors before and after heat treatm
one wafer from each batch. Despite the scatter of the par
eters from one batch to the next, the general pattern is c
stant. Photodetectors having a high photosensitiv
R>2 A/W (V5500 V! exhibit slow growth and decay of th
photocurrent with characteristic times of the order of seve

FIG. 1. Schematic representation of the ionization image converter:~1 !
incandescent lamp;~2 ! lens; ~3 ! p-Si~Zn! electrode;~4 ! gas-discharge
chamber;~5 ! power supply;~6 ! mesh filters;~7 ! transparent electrode;~8 !
gas-discharge gap;Rl is the load resistance.
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e

f
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e-
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nt,
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tens of seconds, along with a persistent conductivity after
light is turned off; the behavior of such photodetectors
different in different spectral regions. For example, while t
‘‘dark’’ current ~at V5500 V! has the value j b052.7
31026 A/cm2 before illumination, after exposure to light o
intensity ;1023 W/cm2 through a Si filter it increases to
j br51.131025 A/cm2; i.e., by a factor;4, and remains
constant until the sample warms up~persistent conductivity!.
When a Ge filter is used, the postillumination ‘‘dark’’ cu
rent returns to its initial value.

The increase inR and j b after heat treatment is accom
panied by the onset of inhomogeneities of the resistivity
the material. The luminescence of the gas discharge prov
a means for recording this inhomogeneity. It should be no
that a luminescent dot of diameter;1 mm, which is evi-
dence of current filamentation, not only occurs when a c
tain threshold voltage is applied, as described in Ref. 7,
also shows up in many cases upon increasing the light in
sity at a constant interelectrode voltage. Subsequent ann
ing in the temperature rangeTa5450– 650 °C causesR and
j b to increase smoothly at first and then to rise sharply.

Consequently, heat treatment of thep-type Si~Zn! pho-
todetector produces the following changes:

• The dark current density and the photosensitivity
crease.

• In the transparency range of the Si filter the photo
sponse rises slowly and decays even more slowly.

• Instability emerges in the form of inhomogeneity of th
current through the photodetector.

The sensitivity of a photoresistor in the impurity regio
of the spectrum is determined by the density of ligh
generated free charge carriers, which are free holes~p! in our
case. For the simple model in which a single acceptor le
EZn1 and a compensating donor levelED , completely ion-
ized at the given temperature, exist in the band gap, the
density for the lowest excitation level is9

p5S NZn1

ND
21D F kp

0I

vpsp
2

1NvexpS 2
EZn1

kT D G , ~1!

where kp
0 is the photoionization cross section of the Z0

center,sp
2 is the hole capture cross section of Zn2, vp is the

hole thermal velocity,Nv is the density of states in the va
lence band,EZn150.3 eV is the ionization energy of a Zn0/2

center, andI is the extrinsic light intensity. The first term in
TABLE I. Effect of heat treatment on the parameters ofp-type Si~Zn! photodetectors.

After photon anneal After metallization

Plate
After Zn diffusion (1050 °C, 20 s! (4502650 °C, 20230 min!

No. j b , 1026 A/cm2 R, A/W j b , 1026 A/cm2 R, A/W j b , 1026 A/cm2 R, A/W

7-10 0.9 0.33 2.1 0.6 5.6 3.0
8-2 0.15 0.08 0.92 0.37 1.8 1.0
9-1 0.16 0.77 2.1 0.91 500 reject
62-8 1.6 0.31 0.44 0.10 2.4 2.4
10-1 0.18 0.12 0.52 0.29 3.8 2.0
11-1 0.18 0.14 0.7 0.26 6.0 3.1
13-1 0.16 0.07 0.56 0.15 1.3 0.9
14-11 0.13 0.02 0.64 0.15 4 2.7
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the brackets gives the hole density due to competing ph
excitation and reverse trapping by negatively charged c
ters. The number of the latter depends on the degree of c
pensation of the material, i.e., the density of donors. T
second term characterizes thermally ionized holes. Estim
show that the density of the latter is small (;102 cm23) at
T585 K and can be disregarded. SinceNZn1@ND , from Eq.
~1! we obtain

p5
NZn1

ND

kp
0I

vpsp
2

5NZn1kp
0 I tp , ~2!

wheretp5(vpsp
2ND)21 is the hole lifetime, i.e., all othe

conditions being equal, the photosensitivity is determined
the ratio of the number densitiesNZn1 /ND rather than by
their absolute values. Subjecting the supersaturated solid
lution of zinc in silicon to additional anneals, ostensibly o
might expect the concentration of electrically active zinc
decrease and, accordingly, the photosensitivity and dark
rent to decrease as well. However, the opposite patter
observed, leaving no choice but to assume that the degre
compensation by annealing decreases.

ADDITIONAL EXPERIMENTS

To find the cause of the observed phenomena, we h
conducted further experiments to: measure the capacita
voltage ~C-V! curves of Si~Zn,B! Schottky diodes initially
doped with boron (r510V•cm and 40V•cm! and saturated
with zinc in the same technological process as the photo
tector wafers; investigate the photoconductivity spectra,
kinetics, and the impurity photoconductivity extinction spe
tra in intrinsic light.

To measure the photoconductivity spectra, samples w
dimensions 103431 mm were cut from Si~Zn! wafers and
were then etched in SR-4 and treated in HF to lower
surface conductivity. Ohmic contacts were prepared by r
bing the metal with Ga-Al pencil. The measurements w
performed in the longitudinal photoconductivity regime, i.
with the light and the current in the same direction. The lig
intensity did not exceed 1015phot/cm2

•s. The measuremen
temperature wasT577 K. The photocurrent was determine
as the difference between the current in the illuminated
nonilluminated sample with a voltage of 100 V applied to t
latter, corresponding to a fieldE5103 V/cm; the difference
was normalized to a constant number of incident photon

These studies have shown that the spectrum of en
levels in Si~Zn! is far more complicated than in the mod
discussed above. In addition to zinc acceptors, donor cen
Dx are formed in the material after heat treatment; their d
sity, determined from theC-V curves, is NDx

55.8
31014cm23. It is evident that the density of the generat
donors greatly exceeds the phosphorous doping level of
original material.

One of the most abundant unmanageable impurities i
is iron, which produces a deep donor levelEv10.4 eV in the
band gap.1 To test whether the donors observed in Si~Zn! are
iron centers, the silicon was heat-treated and hardened u
the same conditions as when doped with zinc. Compensa
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took place in silicon samples with a boron concentrat
,231015cm23, and they acquired a high resistivity. Com
pensation was reduced by annealing at justTa5400 °C, as is
typical of iron with its low thermal stability, whereas th
donors in the Si~Zn! samples exhibited stability under he
treatment up toTa5800 °C. The detection of zinc donors i
Si~Zn,B! has been reported previously and was attributed
the level Ec20.11 eV ~Ref. 10!. A level with energy
Ec2(0.4120.49) eV has also been observed in seve
studies11–14 and can be attributed to interstitial zinc. Boltak
et al.15 have detected two zinc donor levelsEc20.1 eV and
Ec20.4 eV formed by the decay of a zinc-silicon solid sol
tion at 900 °C. It is also known that zinc tends to form dono
acceptor pairs with transition metals.16 The donor centerDx

could well be an iron-zinc complex.
Besides the donor levels, a new deep level with an

ergy of 0.6 eV appears inp-type Si~Zn! after heat treatment
Figure 2 shows how the spectrum of the photocurrentj ph of
a sample vacuum-annealed atTa5600 °C varies as the an
neal timeta is gradually increased, and the inset in the figu
shows the corresponding values of the dark currentj b .
Clearly, the original spectrum has one step at a photon
ergy hn50.3 eV corresponding to photoionization of th
Zn0/2 level, consistent with a wealth of data on the pho
conductivity ofp-type Si~Zn! ~see, e.g., Refs. 17 and 18!. An
increase in the anneal time causes the photocurrent to

FIG. 2. Spectral dependence of the photocurrent in ap-Si~Zn! sample with-
out annealing~1 ! and after annealing atTa5600 °C for various anneal
times: ~2 ! ta520 min; ~3 ! 30 min; ~4 ! 50 min; ~5 ! 60 min; ~6 ! 70 min.
T577 K, E5103 V/cm Inset: variation of the ‘‘dark’’ current during an-
nealing of the same sample.
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crease over the entire spectral rangehn50.321.1 eV. Be-
ginning with an anneal time of 50 min, the spectrum acqui
a very pronounced second step athn50.6 eV, signaling the
onset of yet another level. As annealing progresses, the
tosensitivity in the short-wavelength region increases a
higher rate than in the regionhn,0.6 eV, attaining 104 times
the initial value for an anneal time of 120 min. The ‘‘dark
current increases by five orders of magnitude in this case
test has shown that not only the background current, but
the dark current measured with total shielding against ba
ground radiation increases enormously as a result of ann
while the hole density differs from the calculated value
several orders of magnitude (p51052109 cm23). These
data indicate that the zincEZn1 level ~with an activation
energy of 0.3 eV! is joined in the band gap by the onset
shallower acceptor levels. TheEv10.23 eV andEv10.33 eV
levels have in fact been recorded in Si~Zn,B! by deep-level
transient spectroscopy~DLTS!.14,19 Their concentration un-
dergoes significant changes during heat treatment: The n
ber of centers with activation energy 0.23 eV increases d
ing anneals atTa,500 °C and decreases atTa.500 °C,
while theEv10.33 eV level vanishes after heat treatment
Ta.400 °C ~Ref. 20!.

We call attention to the fact that the rise and decay
netics of the photocurrent in the samples after prolonged
treatment differs in the two spectral rangeshn.0.6 eV and
hn,0.6 eV. The process is slow in the short-wavelen
range, with a characteristic time of tens to hundreds of s
onds~see Figs. 3 and 4!, and it is fast in the long-wavelengt
range. The increase in the photocurrent in the sh
wavelength range once the light is turned on is well d
scribed by an exponential law, and its decrease after rem
of the light more nearly fits a hyperbolic law, as is typical
quadratic recombination.21 The rate of increase of the photo
current at hn.0.6 eV increases with the light intensity
whereas the rate of decay is independent of the level of
mination. Despite the low excitation level in both spect
ranges, the CIC in the short-wavelength region is sublin
but remains linear in the long-wavelength region~Fig. 5!. In
addition to the slow relaxation of the photoconductivity
the rangehn.0.6 eV, we see a persistent dark conductiv
which exceeds the preillumination ‘‘dark’’ conductivity by
factor ;20; i.e., a whole set of phenomena emerges, fu
consistent with everything disclosed in our analysis of
operation of photodetectors in a gas-discharge chamber

The onset of a second step in the photoconductiv
spectrum indicates the initiation of a photoactive deep le
a good candidate for this role is the second zinc Zn2/22

level. The electron capture cross section of Zn2 at T577
290 K is very small,sn

255310221cm2 ~Ref. 22!, whereas
the hole cross section of a Zn22 center issp

2252310214

22310215cm2 ~Refs. 11 and 19!, so that in intrinsic light it
becomes an activation center, increasing the electron lifet
by a factor of 104 ~Ref. 13!. In the photoconductivity spec
trum, however, theEZn2 level can appear only in highly
compensatedn-Si~Zn!, whereNZn,ND,2NZn . The photo-
electric properties of this kind of high-resistivityn-Si~Zn!
has intrigued many researchers. A slow persistence of
photoresponse has been observed in the material,10 along
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with IR extinction of the intrinsic steady-stat
photoconductivity.13,23

We have also investigated such highly compensa
n-type Si~Zn!. An n-silicon sample with an initial resistivity
r50.2V•cm (NP52.531016cm23) was placed in the Zn

FIG. 3. Rise kinetics of the photocurrent in ap-Si~Zn! sample after anneal-
ing at Ta5600 °C for ta570 min and various light intensities
hn50.79 eV. The photocurrent is normalized to its steady-state valuej max

for each intensityI: ~1 ! I 0; ~2 ! 4I 0; ~3 ! 9I 0; ~4 ! 16I 0. Inset: dependence o
the photocurrent rise timetg on the reciprocal light intensityI 21, T577 K.

FIG. 4. Decay kinetics of the photocurrent in an annealedp-Si~Zn! sample
after the removal of light withhn50.79 eV. The current before illumina
tion is j b050.18 mA, and the residual ‘‘dark’’ current after illumination is
j br53.8 mA.
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363Semiconductors 33 (3), March 1999 Astrova et al.
diffusion cell; after zinc diffusion the sample acquired a hi
resistivity even at room temperature (r>2 kV•cm). Its pho-
toconductivity spectrum atT577 K has a long-wavelength
edge athn'0.5 eV, and under the combined influence
intrinsic and extrinsic light, extinction of the photocurre
was observed in it. Moreover, this sample exhibits a sl
rise and decay of the photocurrent, similar to the behavio
annealedp-Si~Zn!. The photocurrent extinction spectra
both samples are shown in Fig. 6.

FIG. 5. Current-illuminance curves of an annealedp-Si~Zn! sample in dif-
ferent spectral ranges:~1 ! 0.51; ~2 ! 0.79.

FIG. 6. Infrared extinction spectra of the intrinsic photoconductivity in a
nealedp-Si~Zn! ~1 ! and n-Si~Zn! ~2 ! samples,T577 K, E5100 V/cm.
The energy of intrinsic illumination photons ishn51.55 eV.
f

in

DISCUSSION OF THE RESULTS

We now attempt to interpret the above-described exp
mental facts. We consider the influence of a low-temperat
(Ta54502650 °C! anneal onp-Si~Zn!. The increases in the
dark current and the photosensitivity suggest that the r
NZn1 /ND increases in accordance with Eq.~2!. Measure-
ments of theC-V curves show that the decrease in the co
centration of electrically active zinc as a result of such a
neals is rather slight~by a factor ,1.5), i.e., it must be
assumed that the main cause of such an abrupt increase i
photoresponse is a decrease in the donor densityNDx. On the
other hand, the new step in the photoconductivity spectr
at hn50.6 eV indicates the emergence of photoelectric tr
sitions at the second zincEZn2 level. This event is possible i
all the EZn1 levels are filled with electrons, i.e., if the Ferm
level (EF) is close to the middle of the band ga
EZn1,EF<EZn2. But then the opposite must be assume
that the compensation by heat treatment increases, i.e.
donor density increases.

This contradiction can be resolved only if we assum
that spatial inhomogeneities are created in the bulk of the
by a redistribution of impurity atoms. Examples of the latt
process are the enrichment of both regions with zinc at
expense of depletion of other elements~precipitation at lat-
tice defects, the formation of an impurity atmosphere arou
dislocations, etc.! and the formation of clusters of donorsDx

when they are ‘‘purged’’ from the rest of the crystal. I
either case we witness the emergence of local regions s
rated from the remaining matrix by potential barriers a
surrounded by a space-charge layer~see Fig. 7!. The pro-
posed model is supported by experimental data, which
be conditionally segregated into three groups:

1! the direct observation of anneal-induced inhomoge
ities of the electrical conductivity;

2! the presence of phenomena which are typical o
photoconductor with inhomogeneities and which are ass
ated with an anomalously long free-carrier lifetime~see the
review article in Ref. 24 and the references to earlier pap
cited there!;

3! the identification of the level with energy 0.6 eV a

-

FIG. 7. Potential barrier around ani-type conductivity inclusion in the
p-matrix of Si~Zn! and, at the barrier, spatial separation of holes excited
extrinsic light.
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the second zincEZn2 level, which indicates the formation o
high-resistivity regions.

The current structures of Si~Zn! in the system
$semiconductor/gas-discharge gap% has been investigated i
detail.7 The inhomogeneities ofr were seen as bright lumi
nescent dots against the uniform background luminesce
of the gas discharge. The main focus of attention here
the dark I-V characteristic, and IR radiation with a broa
spectrum was used to illuminate the photodetector. It follo
from our measurements that the behavior of the system
fers considerably for the two spectral rangeshn,0.6 eV and
hn.0.6 eV; i.e., all phenomena associated with inhomo
neities occur only in the short-wavelength part of the sp
trum.

We now examine the second group of experimental d
in greater detail. According to the barrier model,24 the long-
time relaxation and persistent conductivity are linked to
presence in the material of collective~macroscopic! potential
barriers associated with inhomogeneities. The electric fie
of these barriers instigate the spatial separation of lig
excited carriers. For example, holes excited from theEZn2

level in the high-resistivity region ofp-Si~Zn! ~Fig. 7! flow
over into the lower-resistivity matrix and contribute to th
photocurrent. To recombine with electrons at centers lef
the i-region, they must overcome a recombination barrier
height Erec, so that holes excited by light withhn.0.6 eV
have an anomalously long lifetime. The high persistent c
ductivity in p-type Si~Zn! after heat treatment indicates th
the i-regions occupy a substantial portion of the total volu
of the photoresistor.

Since the electric fields generated by carrier separa
partially compensate for the potential well of the inhomog
neities, Erec decreases as the density of photocarriers
creases, and the CIC of the sample becomes sublinear
deed, if we compare the CIC of such a sample for the t
spectral regions~Fig. 5!, it is clearly evident that diagram i
linear forhn50.51 eV and is sublinear forhn50.79 eV. In-
homogeneous semiconductors are also characterized
shortening of the photocurrent rise timetg with increasing
illumination intensity I at a rate slower than theI 21 law
~Ref. 24!. The functional dependencetg5 f (I 21) obtained
by us from the photocurrent rise curves in Fig. 3 and sho
in the inset in the figure is in fact sublinear.

The rate of decay of the photocurrent in annea
p-Si~Zn! samples does not change as the intensity of li
with hn.0.6 eV is increased, and it has a fast interval f
lowed by a very slow decay, which is perceived as a per
tent conductivity~Fig. 4!; these effects are also typical o
inhomogeneous materials with potential barriers.23

We now turn to the third data group. To show that t
0.6-eV deep level observed in our photodetectors is ass
ated with the photoexcitation of holes at theEZn2 level in the
newly formedi-regions, we draw on a characteristic prope
of this kind of material: IR extinction of the intrinsic photo
conductivity. The long electron lifetime observed in intrins
light in high-resistivity n-Si~Zn! (tn5100 ms! ~Ref. 13! is
explained by the facile trapping of holes and the poor tr
ping of electrons by Zn22 activation centers. As a resul
holes trapped by them are eliminated from recombinat
ce
as
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through other centers,tn increases, and the conductivity be
comes essentially monopolar. If the sample is simultaneou
exposed to a combination of extrinsic and intrinsic light w
a certain intensity ratio so that the rate of liberation of ho
by IR radiation from a Zn22 center is greater than its rate o
trapping of electrons,kp

2I .nvnsn
2 , wheren is the density

of free electrons, which depends on the intrinsic light inte
sity, andkp

2 is the photoionization cross section of Zn2, the
electron lifetime drops, and the photocurrent decreases,
IR extinction is observed. Figure 6 shows spectra obtaine
combined exposure of the samples to intrinsic light w
hn51.55 eV and extrinsic light with a different wavelengt
The photocurrentu j ph2 j intu, plotted along the vertical axis, i
the absolute value of the difference between the photocur
j ph and the intrinsic photocurrentj int . The intensity ratios of
the intrinsic and extrinsic light are such that this difference
positive forp-Si~Zn! and negative forn-Si~Zn!. Our extinc-
tion spectrum observed in then-Si~Zn! sample agrees with
the long-wavelength edge athn50.6 eV in Refs. 13 and 23
A similar pattern is observed in an annealedp-Si~Zn!
sample. IR extinction is not observed in unannealedp-Si~Zn!
samples. The onset of a step athn50.6 eV in the intrinsic
photoconductivity spectra justifies the identification of th
level as corresponding to transition from the Zn2 charge
state to the Zn22 state.

Consequently, all the investigated properties of photo
tectors after heat treatment corroborate the conclusion
inhomogeneities are formed in them. It is still not clear ju
which centers form clusters in heat treatment. Exactly
same result, specifically a local increase in the degree
compensation, can be achieved either by enrichment w
donor centers~high-resistivity regions with a reduced rati
NZn /ND) or by the depletion of zinc acceptors occupyin
lattice sites from these same regions. An attempt to de
zinc precipitates by x-ray diffraction topography proved u
successful, so that the microscopic pattern of events requ
special investigation.

The increase in the photosensitivity athn.0.6 eV after
anneals is associated with an increase intp due to the spatial
separation of holes and negatively charged Zn22 centers. On
the other hand, in the rangehn,0.6 eV the time constanttp

more likely increases on account of a decrease in the de
of compensation in thep-type matrix, because the CIC re
mains linear. The mechanism based on the dual injec
effect to account for the formation of current filament7

could probably admit some reexamination in light of t
model proposed here.

CONCLUSIONS

From the results of our investigation we have establish
that the resistivity inhomogeneities occurring inp-Si~Zn! are
formed during heat treatment atTa54502650 °C. The am-
plitude of these inhomogeneities increases as the anneal
is increased. The formation of spatial inhomogeneities is
tributed to a redistribution of impurity centers in the mater
and the resulting formation of highly compensated, hig
resistivity regions. The Fermi level in these regions sh
toward the middle of the band gap, and it becomes poss
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for holes to undergo photoelectric transitions from theEZn2

level into the valence band. The impurity redistribution
the bulk of the Si causes the photosensitivity to incre
significantly as a result of the increase intp . The anoma-
lously long lifetime of holes in the spectral range 0.6 e
,hn,1.1 eV is attributable to the spatial separation of c
riers and recombination centers by potential barriers aro
the inhomogeneities. This phenomenon has the effect o
minishing the response time of photodetectors, inducin
persistent conductivity, and generating multiple current fi
ments.

We are indebted to D. V. Tarkhin, V. V. Chaldyshe
Yu. A. Astrov, L. M. Portsel’, V. V. Emtsev, and I. L
Shul’pina for a discussion and helpful consultations.
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Vertical double-collector, strain-sensitive transistor with accelerating electric fields
in the base and in the emitter

G. G. Babichev, S. I. Kozlovski , and V. A. Romanov

Institute of Semiconductor Physics, National Academy of Sciences of Ukraine, 252028 Kiev, Ukraine
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Fiz. Tekh. Poluprovodn.33, 370–377~March 1999!

The characteristics of a bipolar vertical double-collector, strain-sensitive transistor with
accelerating electric fields in the base and in the emitter are investigated theoretically. The structure
and operating principle of the transistor are described, and the topology of the device is
optimized. It is shown that the output signal is associated with two effects: transverse deflection
of nonequilibrium carriers in the base and injection modulation by a transverse potential
difference in the emitter. ©1999 American Institute of Physics.@S1063-7826~99!02403-5#
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INTRODUCTION

In general, the directions of the current and the elec
field are known to differ in crystals endowed with anisotro
of the electrical conductivity.1 This means that as the charg
carriers move between electrodes, they come under the i
ence of forces transverse to the direction of the current.
magnitude of the force in the presence of anisotropy indu
by external directional perturbations~uniaxial elastic strain,
magnetic field, or light! is proportional to the magnitude o
the perturbation~strength of the magnetic field, stress,
light intensity!.

Consequently, the creation of an artificial anisotropy
the conductivity affords a possible means for the wide-ra
control of carrier transport phenomena. The practical ap
cation of this possibility has provided a basis for the dev
opment of a number of semiconductor devices: silicon in
grated multicollector strain transistors,2,3 which are sensitive
to uniaxial stresses, and magnetotransistors,4 which are sen-
sitive to magnetic fields.

For a sufficiently high pulling~accelerating! electric
field, even a slight anisotropy of the conductivity can pr
duce a strong concentration effect~i.e., a transverse redistri
bution of carriers!. In practice, therefore, the pulling field i
the zone where the anisotropy is localized is chosen so
the drift ~field! component of the current will exceed th
diffusion component.

We have previously investigated horizontally structure
bipolar n-p-n and p-n-p double-collector, strain-sensitiv
transistors with an accelerating electric field in the base2,3

The measure of external mechanical perturbation in st
transistors is the collector current unbalance induced by
jection deflection~or modulation! effects. In either case, th
anisotropy induced by uniaxial elastic strain alters the tra
verse carrier distribution in the base of the strain transis
In this case the influence of the induced anisotropy of
conductivity on carrier transport processes directly in
emitter is negligible because of the low electric field in t
emitter, since essentially the entire emitter-base voltag
across the emitterp-n junction.

In this paper we investigate a vertically structured silic
3661063-7826/99/33(3)/7/$15.00
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integrated double-collector, strain-sensitive transistor w
accelerating electric fields both in the base and in the emi
In the investigated structures the unbalance of the colle
currents is attributable to the simultaneous onset of two
fects: 1! modulation of the injection of the base-emitterp-n
junction due to the emergence of a transverse field in
emitter; 2! transverse carrier deflection in the base. The c
culation of the main characteristics of the strain transisto
followed by a comparative analysis of how they are infl
enced by the indicated effects.

OPERATING PRINCIPLE OF THE STRAIN-SENSITIVE
TRANSISTOR

We assume that a strain-sensitive transistor on a sili
diaphragm converts a uniformly distributed load over its s
face into uniaxial compressive~tensile! elastic strain of the
base and emitter of the strain transistor. As a result of str
the hole mobilitymp — holes being majority carriers in th
emitter and minority carriers in the base — becomes an
tropic in thexy plane with nonzero off-diagonal componen
mpxy .

Figure 1 shows the topology of the strain transistor,
cluding thep-emitter andn-base with two pairs of ohmic
contacts in the form ofp12p-type andn12n-type strips
situated at the edges of the emitter and the base, respecti
plus two collectorp12n junctions. Also shown in the figure
is the orientation of elements of the strain transistor relat
to the crystallographic axes.

The wiring schematic of the strain transistor and the lo
gitudinal ~along thex axis! distributions of the electric po-
tentials in the basewb(x) and in the emitterwe(x) are shown
in Fig. 2. The electric fields in the base and the emitter a
the potential difference across the emitter-basep-n junction

web~x,y!5we~x,y!2wb~x! ~1!

are given by the external sourcesVbe , Vbb , andVe . Accord-
ing to Eq. ~1!, the forward-biased emitter-basep-n junction
region is dictated by the values ofx (0,x,x0), for which
web(x, y).0.
© 1999 American Institute of Physics
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FIG. 1. Topology, wiring diagram,
and crystallographic orientation o
the strain-sensitive transistor.
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Carriers injected into the base region drift in the long
tudinal pulling field and diffuse in thez-direction, eventually
reaching the collector junctions. At zero strain the collect
currents, which are determined by the diffusion flow of ca
riers in thez-direction, are equal, and the output signal re
corded from the load resistances,Rc1 and Rc2 , is close to
zero ~under the conditionRc15Rc2). We assume from now
on thatRc15Rc25Rc .

When a distributed mechanical load is applied to th
diaphragm at the site of the strain transistor, a uniaxial co
pressive~tensile! strain is generated in the@110# direction,
imparting anisotropy to the hole mobility both in the bas
and in the emitter of the strain transistor. The anisotropy
the hole mobility in the emitter, where holes are majorit
carriers, induces a transverse potential difference. The
duced potential difference modulates the injection of th
emitter-basep-n junction, shifting one of the edges of this
junction ~at y50 or y5 l y , depending on the sign of the
strain! in the forward direction and shifting the other edge i
the reverse direction. Holes injected into the base region
the strain transistor in this way drift in the pulling field of the
base~in the x-direction!, are deflected in the transverse~y-!
direction by virtue of the induced anisotropy, diffuse in th
z-direction, and attain the collector junctions. The modul
tion of the injection of the emitter-basep-n junction and the
onset in the base of a transverse flux of pairs generated
r

-

f

-

f

-

y

the anisotropy of the mobility produces a sharp unbalance
the collector currents, and an output signal appears.

Strictly speaking, the electron mobilitymn also becomes
anisotropic in this situation, but it can be ignored for th
given orientation of the strain transistor elements relative
the crystallographic axes and for the given direction
uniaxial strain. The anisotropy parametera can then be writ-
ten in the form

a5
mnxy

mnyy
2

mpxy

mpyy
'2

mpxy

mpyy
. ~2!

Heremn>mnyy andmp>mpyy .
It is important to note that the operating principle of th

strain-sensitive transistor discussed here is formally equi
lent to the operating principle of an analogously structur
magnetotransistor,5 which is sensitive to a transverse mag
netic field, where the anisotropy parameter is equal to t
sum of the Hall angles for electrons and holes.

By analogy with magnetotransistors,2 we assume the
main characteristics of the strain transistor to be the absol
sensitivitySA and the relative sensitivitySR , which are de-
fined as the corresponding derivatives of the stresss, evalu-
ated at zero stress:
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FIG. 2. Main elements of the structur
of the strain transistor and longitudina
distributions of the electric potential in
the base and emitter.
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SA[U]U0

]s U
s50

, ~3!

SR[U0
21U]U0

]s U
s50

, ~4!

whereU0 is the difference in the voltage drops across
resistancesRc1 andRc2 in the rows of collectors.

We can then assume that the output resistancer c of the
collectors of the strain transistor is high, i.e.,r c!Rc . We
can therefore replace Eqs.~3! and ~4! by the expressions

SA5RcU]~ I c12I c2!

]s U
s50

, ~5!

SR5~ I c11I c2!21U]~ I c12I c2!

]s U
s50

. ~6!

Here I c1 and I c2 are the collector currents.

RESULTS OF THE CALCULATIONS AND DISCUSSION

The following assumptions are used in the theoreti
analysis of the operation of the strain-sensitive transistor

a! a weak injection level, so that the density of minori
carriers is much lower than the density of majority carriers
any point of the base and the emitter;

b! weak strains, so that the anisotropy parametera is
sufficiently small:
e

l

t

uau!1.

The base and the emitter of the strain transistor are boun
by the respective coordinates

~0<x< l x , 0<y< l y , 0<z< l z!;

~0<x8< l x , 0<y8< l y , 0<z8< l z!.

Under the stated approximations and simplification
spatial distribution of the nonequilibrium carrier densi
p(x, y, z) in the base of the strain transistor is determin
from the solution of the bipolar transport equation

DpF ]2p

]x2
1

]2p

]y2
1

]2p

]z2
12ax

]p

]x
12ay

]p

]yG2
p2p0

t

52 r~x8,y8!d~x2x8!d~y2y8!d~z2z8! ~7!

subject to the boundary conditions

p~0,y,z!5p~ l x ,y,z!5p~x,0,z!5p~x,l y ,z!

5p~x,y,l z!5p0 , ~8!

whereDp , t, and p0 are the diffusion coefficient, lifetime
and equilibrium density of holes in the base, respective
and d(x2x8) is the Dirac delta function. The function
r(x8, y8) describes the density of sources of nonequilibriu
carriers. The quantitiesax anday are related to the pulling
field Ex in the base of the strain transistor by the equatio
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ax5
eEx

2kBT
, ay5aax , ~9!

wheree is the electron charge,kB is the Boltzmann constant
andT is the temperature.

The Green’s function for Eq.~7! is

p~x,y,z,x8,y8,z8!5
4l x

Dpl yl z
exp@ax~x2x8!1ay~y2y8!#

3 (
m,k51

` sinhFbmkS 12
x

l x
D G

bmksinh~bmk!

3sinhS bmkx8

l x
D sinqkzsinqmysinqmy8

3sinqkz8, ~10!

qm5p
m

l y
, qk5p

k

l z
,

bmk
2 5 l x

2~qm
2 1qk

21ax
21ay

21L22!, L5ADpt.

The Green’s function gives the nonequilibrium carrier de
sity created at the point of the base with coordinates (x, y, z)
by a source of unit strength at the point with coordina
(x8, y8, z8) ~Ref. 6!.

In our case nonequilibrium carriers are injected by
forward-biased part of the emitter-basep-n junction (0<x8
<x0 , 0<y8< l y , 0<z8< l ze with the density of sources
r(x8, y8):

r~x8,y8!5
p0

t
$exp@web~x8,y8!/kBT#21%, ~11!

where the potential differenceweb(x8, y8) is described by
the expression

FIG. 3. Transverse distributions of nonequilibrium carriers in the base of
strain transistor for different values of the anisotropy parameter:~1 ! a50;
~2 ! a50.055.
-

s

e

web~x8,y8!5 VeF12
x8

l x
1aF~x8,y8!G

2Vbe

x8

l x
2VbbS 12

x8

l x
D . ~12!

HereVeaF(x8, y8) describes the variation of the spatial di
tribution of the potential in the emitter due to the onset
anisotropy of the majority-carrier~hole! conductivity:7

F~x8,y8!5
2

p2 (
n51

` sinS pnx8

l x
D

n2

3@~21!n21#

sinhFpn

l x
S y82

l y

2 D G
coshS pnly

2l x
D . ~13!

In light of the foregoing considerations, the nonequili
rium carrier distribution in the base of the strain transis
can be found by integration:

p~x,y,z!5E
0

x0
dx8E

0

l y
dy8E

0

l ze
dz8r~x8,y8!

3p~x,y,z,x8,y8,z8!. ~14!

The evaluation of the integral~14! is simplified considerably
if the series~13! is replaced by the function

C~x0 ,y8!5^F~x8,0!&x0S 122
y8

l y
D , ~15!

where the symbol̂ . . . &x0
denotes averaging over the inte

val 0<x8<x0, and

^F~x8,0!&x0
5

2

p3

l x

x0

3 (
n51

` FcosS pnx

l x
D21G~21!n21

n3

3tanhS pn
l y

2l x
D . ~16!

We determine the value ofx0 from the condition
web(x0 , l y/2)50:

x05
Ve2Vbb

Ve2Vbb1Vbe
l x . ~17!

For the ensuing discussion we specify the dimensio
base l x3 l y3 l z530312033 mm; emitter l x83 l y83 l z8530
312032 mm; L530mm. The collectorp-n junctions are
situated at the depthz5 l z . The supply voltages areVe

51.4 V, Vbe50.1 V, andVbb51.2 V.
The value of the anisotropy parameter is related to

uniaxial stresss by

e
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FIG. 4. Longitudinal distributions of
the vertical component of the curren
density in the base of the strain tran
sistor in the presence of strain~1, 3!
and without strain~2 ! and the rela-
tive strain-induced variations of this
component~4, 5! for various values
of the anisotropy constant:~2 !
a50; ~3, 4! a50.055; ~1, 5!
a520.055.
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a>2P44
p s

2
, ~18!

whereP44
p is the shear piezoelectric resistance forp-type Si.

In our calculations the anisotropy parameter is assigned
value a50.055, which corresponds to a uniaxial stre
s5800 kgf/cm2.

Figure 3 shows the transverse distributions of the n
equilibrium carrier density in the base of the strain transis
along the line with coordinates (5,y,1.5, inmm!. Clearly, for
zero strain the distribution is mirror-symmetric about t
middle plane (x, l y/2,z) ~curve1 !. In the presence of a finite
stresss the distribution becomes asymmetric, the gradien
the nonequilibrium hole density increasing significantly
one collector and decreasing at the other. In addition,
total number of nonequilibrium carriers in the base increa
he
s

-
r

f
t
e
s

as well, as is inferred directly from a comparison of the are
under curves1 and2. This strain-induced change of the sp
tial distribution of holes in the base is a direct conseque
of the onset of modulation of injection of the emitter-ba
p-n junction, when a transverse potential difference
formed in the emitter under the influence of the longitudin
pulling field and the induced anisotropy of the conductivi
This potential difference shifts one of the edges of t
emitter-basep-n junction in the forward direction and th
other edge in the reverse direction, depending on the sig
the stress.

The longitudinal distributions of the current densiti
j z(x) along the line described by the coordinates (x, 25,l z)
with and without strain are shown in Fig. 4. Also shown a
plots of the relative strain-induced variation of the curre
r-
e
ce

s
-

FIG. 5. Transverse distributions of the ve
tical component of the current density in th
base of the strain transistor in the presen
of strain ~3 ! and without strain~1 ! and the
relative strain-induced variations of thi
component~2 ! for various values of the an
isotropy constant: ~1 ! a50; ~2, 3!
a50.055.



-

r
-

371Semiconductors 33 (3), March 1999 Babichev et al.
FIG. 6. Collector currents~1 ! and
their relative strain-induced varia
tions ~2, 3! versus widths of the base
and emitter of the strain transistor fo
various values of the anisotropy con
stant:~1 ! a50; ~2, 3! a50.055.
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densities:D j z(x)/ j z
0(x), whereD j z(x)5u j z(x)2 j z

0(x)u, and
j z(x) and j z

0(x) are the current densities at zero stress an
the presence of a deforming stresss.

Figure 5 shows analogous plots for the transverse di
butions of the current densitiesj z

0(y) and j z(y), along with
their relative strain-induced variationsD j z(y).

The graphs in Figs. 4 and 5 can be used to optimize
positions, lengths, and widths of the collectors. In particu
for the investigated situation the collector junctions can
bounded by the coordinates 4<xc1,c2<9, 15<yc1<35, and
85<yc2<105.

Figure 6 shows the collector currentsI c1
0 5I c2

0 5I c
0 and

their relative strain-induced variationsuDI c1c2 /I c
0u as func-

tions of the width of the base and the emitterl y . It is evident
from the figure that a threefold increase inl y produces a
50-fold increase in the relative variation of the collector c
in

i-

e
r,
e

-

rent with the collector operating in the nonequilibrium ca
rier enrichment regime, whereI c

0 is reduced by one half
Consequently, increasingl y is an effective means of enhanc
ing the relative sensitivitySR .

Figure 7 shows the dependence of the relative variati
of the collector currents on the anisotropy parameter.
small values of the latter (uau<0.03) the current increases i
one of the collectors and decreases in the other~see the inset
to Fig. 7!. As the absolute value of the parametera increases
~for uau.0.03), the currents in both collectors are observ
to increase. This behavior can be attributed to the fact
for large values ofuau nonequilibrium carriers injected by th
forward-biased part of the emitter-basep-n junction reach
both collectors. Consequently, the injection modulation
much larger than the deflection. This conclusion is suppor
by the graphs in Fig. 8 showing the collector currents
ts

ll
FIG. 7. Variations of the collector curren
D l c1 /I c

0 ~1 ! andD l c2 /I c
0 ~2 ! versus anisot-

ropy parametera. Inset: the same for sma
values ofa.
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FIG. 8. Collector currentsI c1 and I c2 ver-
sus anisotropy parameters:~1, 4! under
the influence of the deflection and injec
tion modulation effects;~2, 3! under the
influence of the deflection effect. Inset: th
same for small values ofa.
ou

f
u
fo

f-
ub

.

ity
functions of the anisotropy parameter with and with
@F(x8, y8)50# injection modulation. It follows from the
plots of I c1(a) and I c2(a) in Fig. 8 that for small values o
the anisotropy constant the variations of the collector c
rents are mainly attributable to the deflection effect, and
large values ofuau (uau.0.03) the injection modulation e
fect causes the current of one collector to more than do
~Fig. 8, curves1 and3 !.

We conclude with estimates ofSA andSR . For the typi-
cal parameters Rc52 kV and I c

051 mA we obtain
SA56 mV•cm2/kgf and SR53.031023 cm2/kgf, which are
approximately twice the corresponding values for ann-p-n
strain-sensitive transistor,4 all other conditions being equal
t

r-
r

le
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Announcement: Fourth Russian Conference on the Physics
of Semiconductors (SEMICONDUCTORS 99)

The Fourth Russian Conference on the Physics of Semiconductors~SEMICONDUCTORS 99! furthers the traditions
established by past conferences held biennially in Nizhny Novgorod, St. Petersburg~Zelenogorsk!, and Moscow.

Organizers:
General Physics and Astronomy Branch, Russian Academy of Sciences
Scientific Council of the Russian Academy of Sciences on Project ‘‘Physics of Semiconductors’’
Institute of Semiconductor Physics, Siberian Branch of the Russian Academy of Sciences
Novosibirsk State Technical University
Tomsk State University

Time and Place:
The Fourth Russian Conference on the Physics of Semiconductors will be held October 25–29, 1999, in the
Novosibirsk.

Important Dates:
— Abstracts of the papers should be submitted before April 10, 1999.
— Second announcement will be made in June, 1999.

Main Topics of the Conference„Classification of Papers…:
1. Electronic and optical properties of bulk semiconductors: relaxation of carriers, ultrafast phenomena, e

phonons, phase transitions, ordering.
2. Films and layers: epitaxy, atomic and electronic surface structure, adsorption and surface reactions, proc

formation ~self-organization! of nanoclusters, scanning tunneling and atomic-force microscopy, near-field o
microscopy.

3. Heterostructures and superlattices: structural properties, optics, electron transport, microcavities.
4. Two-dimensional systems: structural, electronic, and magnetic properties, tunneling, localization, phonon

mons, rf transport, quantum Hall effect, correlation effects.
5. One-dimensional and zero-dimensional systems: energy spectrum, electron transport, optical properties, loc

interaction effects.
6. Defects and impurities~bulk semiconductors and quantum-well structures!: impurities with shallow levels and dee

levels, magnetic impurities, structural defects.
7. Wide-gap materials~SiC, GaN, II-VI, etc.!: growth, optical and electronic properties.
8. Technology, instruments, and methods of research: electronic and optical instruments, devices, and lasers

Submission of Abstracts:
Abstracts of papers should be sent in:

— electronic form~on diskette or by electronic mail in Word 6 or Word 7 editor, coded in uuencode, to the add
L. A. Il’ina, Institute of Semiconductor Physics, Siberian Branch of the Russian Academy of Sciences, p
Lavrent’eva, 17, 630090 Novosibirsk, Russia~E-mail: ilina@isp.nsc.ru!.

— hard copy, one original and six copies of the abstracts of papers, to the address:
I. P. Akimchenko, P. N. Lebedev Physics Institute, Russian Academy of Sciences, Leninski� Prospect, 53, Moscow
117924, Russia
~E-mail: akim@gpad.ac.ru!.

Format of Abstracts:
The length of the abstract should not exceed one page, including figures. The text of the abstract should be r

publication, viz.: printed on a laser or inkjet printer in Times New Roman Cyr font using Word 6 or Word 7 editor, on f
A4 white paper. The type style should be normal size, Roman 12-point, spacing 1.5 for the body of the text, 14-point b
for headings, and 12-point boldface for author’s names. The authors’ affiliations are required, including e-mail and
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