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Electron spin resonand&SR and the Hall effect are used to investigate low-temperature
relaxation of solid solutions of iron in gallium phosphide, as well as the distribution profiles for
paramagnetic iron centers in GaP located\aite (g=2.02 andB-site (g=2.133. The

data obtained are consistent with the idea thatAksite corresponds to an iron atom in a
substitutional position, i.e., Eé(Ga) (3d®), whereas theB-site corresponds to an interstitial
neutral iron atom, i.e., r?e(SdB). As a solid solution of GaP : Fe undergoes low-

temperature relaxation, thiecenters are observed to be stable against annealing in the temperature
range 293-800 K. In contrast, the intensity of the ESR spectrum frorB-tenter has

complicated kinetics that qualitatively resembles the annealing kinetics of paramagrf?etic Fe
centers in silicon. ©1999 American Institute of Physids$1063-78269)00104-0

INTRODUCTION For IlI-V compounds it has been known since the pio-
neering work of Ludwig and Woodbury in the 196Ref. 1)
Semiconductors doped with andf-transition metal im-  that 31 elements substitutionally occupy the position of fhe
purities have excited new interest recently as investigatorsomponent in these crystals, i.e., N®). Later investiga-
uncover new nanoelectronics uses for the multicharged deejons revealed that the activation energies for diffusion of
levels these impurities generate in quantum-well structureshese impurities were quite high, i.€Q~ 2-3 eV® How-
Since the distances over which defects can move by diffuever, evidence was also fourffbr the examples of Mn in
sion are small at room temperature, the long-term stability oGaAs(Ref. 9 and Fe in GaRRefs. 10 and 1jithat some of
the operating characteristics of semiconductor devices thahese impurities could also be interstitials, i.e.,;Mand that
incorporate solid solutions of transition elements is deterthe fraction of them was comparable to that of the,(Ae. In
mined by the low-temperature relaxation of these solutionsview of this circumstance, transition-element solutions in
Hence, it is critical to understand this relaxation when thelll-V compounds should exhibit significant low-temperature
device applications involve operation at room temperaturerelaxation. This is indirectly confirmed by the observatith
Low-temperature solid-solution relaxation has been ratheof long-range Q effects, analogous to those mentioned above
thoroughly studied for solutions ofd3impurities from the in Si:Fe and Si:Cr, when semi-insulating samples of gal-
iron group in silicon. In these systems, the preferred mode ofium arsenide and indium phosphide compensated @y 3
solution in Si is to occupy interstitial positions, i.e., Me transition elements are bombarded by argon ions.
which have especially high diffusive mobility even at room In this paper we report the first results of experimental
temperature. For chromium or iron impurities in Si, for ex- studies of low-temperature solid-solution relaxation in 1ll-V
ample, it is knowh™*that after samples of single-crystal sili- compounds for the example of GaP: Fe crystals using the
con are quenched from the high temperatures used in diffuechniques of electron spin resona&SR. In these crys-
sion doping the most rapid relaxation processes involveals, which are convenient to use because it is easy to observe
combining with vacancies. Once these have occurred, SOMESR in them at 77 K, two signals are observed:Aacenter
of the remaining impurities form complexes with shallow spectrum with ag-factor of 2.02, which corresponds to Fe
acceptors. The time constant for this latter process is givefi" (Ga) ions with the configuration @&(°Ss,), and a
by the expressionr= 7,exp@Q/kT), where 7,~10"°s and  B-center spectrum witly=2.133 (Refs. 13 and 14 Based
Q~0.85eV. Conversely, above the first inflection point Q aton their observations of hyperfine splitting of tBesite ESR
T,~400K these complexes dissociate, and at temperaturepectral lines, it was conclud€dthat these centers corre-
higher than the second inflection pointT@~(450-490) K  spond to interstitial Ffb ions with the configuration
the solid solution of 8 impurities decays as a whole. Both of 3d®(3S,), analogous to such centers in silicon. Further con-
these processes — complex formation and solid-solution ddirmation of this assignment of tH8-spectrum was obtained
cay in the bulk of the crystal — can be controlled by bom-by one of us in Ref. 11, based on the considerably larger
barding the silicon surface with argon ions at energies ofliffusion length forB-centers than foA-centers and analysis
~40keV (Refs. 5—7 (the effect of long-range ion implanta- of the balance of concentrationsBfcenters and conduction-
tion Q). band electrons, which is inconsistent with the claim made in
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FIG. 1. Distributions of iron atA- and
B-centers in a crystal of gallium phos-
phide, plotted versus depth. 1A-center
[FE" (Ga)], 2—B-center[Fe].
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Ref. 3 that these defects are_K&a) with the configuration
3d"(*Sqp).

EXPERIMENT

The GaP single crystals we investigated were @00
wide, with an initial shallow-donor concentration of 2
x 10 cm 2. These crystals were diffusion-doped with iron
by placing them in evacuated quartz cells along with
charge of FgO5; as an iron source, a charge of red phos-
phorus to stabilize the GaP surface, and a charge of metall
aluminum as a getter of uncontrolled impuritfeShe cells
were heated for 5 hours at 1250 °C, then removed from th
furnace and rapidly cooled in air. In order to study low-
temperature solid-solution relaxation at temperatures in th
range 293-800 K, these crystals were held in air at thes
temperatures, and then their ESR spectra were measur
along with their electrical conductivities and Hall effect, us-

ing a special apparatus which was developed by one of u

(see Ref. #and which automatically held the temperature at
nearly zero.

RESULTS AND DISCUSSION

Figure 1 shows the distributions of paramagnétiand
B-centers versus dep#in one of the GaP crystals. It is clear
from the figure that the iron that substitutionally replaces
gallium is concentrated in the skin layer with thickness
~50um. In these layers, the maximum concentratidn
=1.5x10%cm™® (taking into account the 810 cm 3
background of shallow donors for the original crystals
which is close to the maximum solubility of iron in GaAs
and GaP The falloff in the concentration oA-centers cor-
responds to a diffusio®~2x10"°cné/s, in good agree-
ment with the data of Ref. 15D=2.5x10 %cné/s at
1250°C.

According to Fig. 1, theB-centers are concentrated in a
layer of thickness 30@um at the center of the crystal. Their
maximum concentratiol is =1.5x 10" cm™? if the spec-
trum corresponds to l?e:enters with 82 occupation of the

a

700

d-shell and spirS = 1, or 8x 10'%cm™ 2 if it corresponds to
Fel (Ga) ions substituting for gallium with 8 occupation of
thed-shell and spirs = 3/2. However, calculations based on
classical diffusion in a crystal of finite thickné8show that
for D=2x10"°cn¥/s, i.e., iron substituting for gallium, the
concentration at the center of the crystal should be two or-
ders of magnitude smaller than that shown in Fig. 1. This
fact provides additional confirmation that tiBecenters are
occupied by the fast-diffusing interstitial iron component
IJ(::Q. A result of considerable interest is the high solubility
we deduce for interstitial iron in these crystals, which ex-
eeds by an order of magnitude the vatd0®cm™2 for

e maximum solubility of interstitial iron in silicorf*#

Electrical measurements show that after the iron diffu-

e. . .

ion a conducting layer af-type material forms at the sur-
are of the crystal, extending 5 um inward, with a Fermi

?evel at approximatelfe.—0.15 eV. At the depth where the

%—centers are locate(~200 um) a very-high-resistance re-
gion, made up of semi-insulating GaP, with a resistivity
greater than 18Q - cm, is formed. In the 30@sm-thick layer

of B-centers, we see amtype conductivity, with a Fermi
level at E.—0.34 eV if it is assumed that the effective
density-of-states mass of conduction-band electrons is 20%
larger than the mass of a free electron, as is the case for
heavy electrons in GaAs. If we argue by analogy witﬁ Fe
silicon that a similar center is present in gallium phosphide,
then the analogous energy level is bel&yw-0.34 eV. The
position of the Fermi level in this layer is thus controlled by
centers other than interstitial iron. Based on the behavior of
charge-transfer levels deduced in Ref. 17, we expect the first
donor level of FR to be located ned,+1 eV, i.e., almost 1

eV lower than the Fermi level in thB-layer. This level is
somewhat higher than the first acceptor level/2+ with
charge-transfer energy,+0.7 eV for Fg(Ga) in GaP #18
Figure 1 shows that at distances betwees0 and~200 um

from the crystal surface there are Ae or B-centers; in this
region the Fermi level probably lies betwelep+0.7 eV and
E,+1 eV. A more detailed investigation of the electrical
properties of crystals with a nonuniform distribution of iron
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11} . served, again as in silicoif. The higher value of the
inflection-point Q temperature can be taken as evidence that
0 . the binding energy for the complex is larger than it is in
9k silicon (0.65 e\j. The activation energy for diffusion — 0.66
eV from Fig. 2 — is smaller than in siliconQ=0.85 eV},
~6F which suggests low potential barriers between neighboring
C:“ interstitial locations. The stronger shift of low-temperature
ST solid-solution relaxation towards higher temperatures, which
o is associated with the small value af, is caused not by a
br low concentration ofX partners(in Si, the concentration of
sk partners is of the same order of magnitude as that B},Fe
but rather by the more limited possibilities for hopping to
4 neighboring interstitial sites, and for the most part by the
3 | ' . . smaller vibrational lattice contribution to the entropy factor
15 20 25 30 35 for 7o.

0%/ k1 We are grateful to Professor Rembeza and his col-
? leagues, with whom we had fruitful discussions about the
FIG. 2. Temperature dependence of the time constant for low-temperatuphysics of 8l-centers that stimulated this work.
relaxation of a solid solution oB-centers of iron in a gallium phosphide

crystal.
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Computer simulations based on the Monte Carlo method are used to analyze processes leading to
the formation of luminescence centers in Si@planted with Si ions. The simulations,

which take place in a two-dimensional space, mimic the growth of silicon nanoprecipitates in
layers containing several at. % of excess silicon. It is assumed that percolation clusters

made up of neighboring Si atoms form first. As the annealing temperature increases, these clusters
grow and compactify into nano-sized inclusions of a well-defined phase. It is shown that a

dose dependence arises from an abrupt enhancement of the probability of forming direct Si—Si
bonds when the concentration of silicon exceedsat. %. Under these conditions,

percolation chains and clusters form even before annealing begins. The effect of the temperature
of subsequent anneals up to 900 °C is modeled via the well-known temperature dependence

of Si diffusion in SiQ. It is assumed that annealing at moderate temperatures increases the
mobility of Si atoms, thereby facilitating percolation and development of clusters due to an
increase in the interaction radius. Intrinsic diffusion processes that occur at high temperatures
transform branching clusters into nanoprecipitates with well-defined phase boundaries. The

dose and temperature intervals for the formation of precipitates obtained from these simulations
are in agreement with the experimental intervals of dose and temperatures corresponding

to the appearance of and changes in luminescencel9@d American Institute of Physics.
[S1063-782629)00204-5

INTRODUCTION nealing can either enhance or attenuate the
luminescencé?8~12 As the annealing temperatures ap-
The recently observed ability of silicon nanostructures toproach, T,~900°C, quenching of the luminescence is
emit intense visible luminescence has generated considerabi®served:®1112 These effects are undoubtedly associated
interest in these systems. There is particular interest in iderwith distinct stages in the decay of the supersaturated solid
tifying the mechanisms that lead to the appearance of silicogolution of Si in implanted Si@layers; however, in order to
nanostructures and the nature of the centers for visible lightinderstand their evolution and effect on the illumination, ad-
Among the various ways used to generate these nanostruditional analysis is required.
tures, one that has shown considerable promise is implanta- Kachurin et al>® proposed the following scheme for
tion of Si ions into a layer of SiQ because it is easy to generating light-emitting nanoprecipitates during the anneal-
monitor, because it is highly controllable, and because it isng of Si layers implanted by SiO ions. At doses
compatible with contemporary semiconductor D> 10 cm™?2 the probability for direct interaction of Si at-
technology:™* However, despite successes in implementingoms among themselves increases abruptly with the formation
this technique experimentally, the nature of the resulting cenef Si—Si bonds. A Si—Si bond in SiOis equivalent to a
ters of visible luminescence and the mechanisms that genefieutral oxygen vacancy, which absorbs photons with energy
ate them still remain subjects for discussion. We can statg eV and emits photons with energy 2.7 eV. The blue light is
with reasonable confidence that the intense emission band thus a consequence of the formation of complexes and chains
the wavelength range=700—-850 nm, which appears only of Si atoms in SiQ (Refs. 8, 10, 12, and 13This process
after annealing at temperatur@g>1000°C, is connected occurs at temperatures where the computed diffusion length
with the formation of Si crystallites in the implanted $iO  of Si in SiO, is much smaller than the interatomic distance,
whose dimensions are 3-5 rint.° The visible light is at- and hence it should be viewed not as diffusion-controlled
tributable to the widening of the band gap in the Si nanoc-growth of the precipitate but rather as percolation along sites
rystallites due to the quantum-well effect. However, despitavhere silicon atoms are close to one another. An increase in
the fact that Si nanocrystallites do not form in the implantedT, enhances the segregation of Si, which not only anneals
SiO, layers whenT ;<900 °C, the layers yield a wide spec- out structural damage but also causes the luminescence in-
trum of visible luminescence with peaks in the blue and ortensity to increase. Large-scale percolation clusters are ca-
ange regions even after low-temperature processitfgilhis  pable of emitting light in the orange portion of the
emission is observed when sufficiently large doses of Si ionspectrumt? However, starting withl ;=700 °C another pro-
(=10'*cm?) are incorporated, and low-temperature an-cess comes into play—the conversion of chains with no
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phase boundaries and percolation clusters into nano-sized in- 1 : XRBFENS N < . ..
clusions of the amorphous phase of Si. The presence of dan- |*, «, "s. R PR } R S
gling bonds and other centers of nonradiative recombination | = * ° J» - v .. ) T a
in these precipitates suppresses their luminescence, which { IR Y ST A L.
accounts for the disappearance of the emissiom asp- : ) o TR ST ".°.,\ )° : S
proaches the interval 800—900 °C. A;>1000 °C, the dif- S < v et e ; * . et
fusion of Si in SiQ is already large enough for diffusion- <t : R Y | o " .
controlled growth of these precipitates, and they reach sizes A ‘. T e "\, A S
that ensure the stability of the crystal lattice 2 nm). At this R . ” . * . S . .
stage the strong red emission and near-infrared emission, :.: SN , ey Tyl ARV 2
which are attributable to the quantum-well effects in the sili- LR IR S SN
con nanocrystallites, appear. RS ‘,.. et SRR . e
This scheme agrees qualitatively with the currently ob- -V Ceett s s *

tained data on the generation of light-emitting silicon pre- ..!\“rln ORI TR, Reon
cipitates. It is therefore important to quantitatively analyze k¢, * . R)’ e YR : -
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numerical parameters. Our basic interest centers on tempera-
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tures below 900 °C, because at these temperaflifesthe :
nuclei of future nanocrystallites, which give strong red- R
infrared emission, form homogeneously; however, these S )

same nuclei are also capable of emitting at shorter wave-
lengths.
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COMPUTATIONAL MODEL FIG. 1. Generation of silicon clusters in Si@ithout additional heating at
excess silicon concentrations of 10 at. %. a—without including the Si con-
Both processes — generation of percolation clusters anf§ined in SiQ, b— including it

compacting them into nano-inclusions of a well-defined

phasg - were simulated by th_e Monte Qarlo metho.d N3 The clusters are compacted as the Si atoms approach
two-dimensional space. In the first case, So' atoms, which Calach other randomly due to interatomic interaction. Compac-
haye up to three bonds at angles of 120°, arrive at randorﬁon is described by introducing elastic bonds which act in
points on a plane, where fchey form_bonds and occupy ehe direction of the nearest-neighbor atoms. The angles be-
vertices of a hex_agonal lattice. The d|stancg at which capturg ey the covalent bonds are elastically fixed by taking into
s first pos.s.|b|e is assumed to be the (.)rdlnar.y popd Ier‘gt%ccount interactions with atoms in the second coordination
between silicon atoms,,=0.234 nm. Since SiQis itself  g,pare The elasticity constants of the bonds are calculated
made up of one-third Si atoms, which can participate in clusy the values of the compression and shear moduli of crys-
tering, we did two S|mulat|on§ — one V,V'thOF‘t allowance for yjine silicon. In our Monte Carlo simulation of diffusion-
and one allowing for the “stoichiometric” Si. In the former driven compaction, each atom is randomly displaced after
case, the initial condition was that 33% of the sites on the) . cycle by an amount whose mean-square value is propor-
plane erre ,,OCCUp'Ed by eqmdlstant immovable Si 'ONStional to the diffusion length at the given temperature in
These “host atoms do not interact among themselves_, SQccordance with the diffusion equation from Ref. 14. The
that clu_ster growth is fed only by the arriving atorr_]s, WhICht ndency for this system to migrate to an energy minimum
hand with the host atoms and each other as ihey find sites grces the branchinfractal clusters to change into compact

the he.xagonal .Iattlce. A pample’s_ mgmbershlp in a cluster iense inclusions with well-defined phase boundaries.
established using a geometric criterion.
It is assumed that the growth of percolation clusters and
. e ) : SIMULATION RESULTS
their compactification into phase inclusions are affected by
temperature, because the mobility of the silicon atoms in-  Figure 1 shows the results of two simulations of cluster
creases with temperature. This effect is taken into accourformation after incorporation of a Si dose corresponding to
quantitatively through the diffusion equation for Si in $iO 10 at. %, one including and one not including the Si atoms
from Ref. 14, despite the fact that only the compactificationthat enter into the composition of SjOit is clear that when
process is intrinsically diffusion-driven, while percolation the Si in the substrate is not included, only very limited
that occurs via isolated atomic translations is made easigrumbers of simple clusters can form. However, if we include
because the capture lendthincreases with time: the Si in SiQ, then for each arriving Si atom the probability
, of forming simple clusters is large at the outset: a dose of 10
L=Lo+2oA, g simp . ge: IS¢
at. % leads to the formation of chains containing ten or more
whereZ is the diffusion coefficient, antlis the time. Si atoms. Figure 2 shows the quantitative dependences of the
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FIG. 3. Dependence of cluster formation on the temperafyref 30-min
isochronous anneals. a—Total number of clustéréor Si doses of 131)
and 5 (2) at. % without allowance for(solid curve$ and allowing for
FIG. 2. Dependence of the probability of forming Si—Si bonB3 (a) and (dashed curvesthe Si contained in SiQ b—plots the number of clusters
the number of clusters of a given sikgb) on the dose of Si ions. The solid (from top to bottom that contain 5, 8, and 10 Si atoms for a dose of 13
curves are the results without allowance for the Si contained in;St@ at. %.

dashed curves are the results which include it. The curves from top to

bottom correspond to clusters containing 5, 10, 15, and 25 Si atoms.

of very simple complexes decreases due to the formation of

probability of forming Si—Si bondsR) and the number of larger clusters. L _

clusters N) of a preset size on the dose of implanted ions  Along with segregating silicon clusters from $iGhe
(D). When SiG is not included, the rate of formation of INteratomic interaction also causes them to compactify into
Si—Si bonds increases rapidly once the dose increases abo@nSe inclusions. Figure 4 shows a time histary Monte

~1 at. %. When the Si in the substrate is included, for dose&arlo steps of this compactification up to a certain time
>1 at. % an increase is observed in the probability of form-t =11 for two clusters whose densities are initially0) dif- .
ing Si—Si bonds, although in this case it is large at the outseférent. Itis clear that as time passes, the more dense cluster is
This is easily seen from Fig. 2a. Note also that the simplesgonverted into a single formation with a well-defined phase
clusters remain in the majority even when the Si in the supPoundary. When the cluster is loose, the probability of its
strate is taken into account. The presence of Si in,SioPreakup into two or more parts is high during compactifica-
causes a very sizable shift toward the low-dose end at thEOn- We used simulation to investigate how cluster compac-
start of formation of large-scale clusters, but the number ofification depends on temperature, density, and cluster size
these clusters in this case is limited by absorption of Si byFi9- 9. The quantitative measure of the degree of compac-
simpler clusters. It also follows from Fig. 2b that as the dosd!fication was taken to be the number of Si atoms attached to

increases, the number of clusters of a specific size increasdfree nearest neighbors {$i From Fig. 5a it is clear that
reaches a maximum, and then falls off. This occurs because

of attachment of arriving atoms to clusters that already exist,
and because small precipitates merge into large ones. Th

simulation shows that when 10 at. % of Si is implanted into a
SiO,, the largest individual silicon clusters can contain as
many as 100 atoms per two-dimensional grid, even before
thermal processing.

The influence of post-implantation heating on cluster
formation is shown in Fig. 3. The increase of the capture

radius with temperature leads to an increase in the total num t=0
ber of clusters ;). This process is most noticeable when
the anneal temperatufk, is above 400 °C. By the time we b
reach 800 °C, the process is complete, since all the exces
mobile Si atoms are attached to clusters. The presence of £
atoms in SiQ leads not only to an increase in the number of
clusters, but also to their formation at lower temperatures
(Fig. 33. The total number of clusters increases with anneal
temperature primarily due to the creation of new clusters anc
an increase in the absolute number of the smallest precipi t=0
tates, although the relative numerical increase is larger for

Ia_rger clustergFig. 3b) It ShO_U|d also be noted that When the FiG. 4. compactification versus timéor two clusters with different masses
Si in the substrate is taken into account, the relative numbetnd large(a) and smali(b) initial densities.
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Although the presence of “stoichiometric” Si in SjO
turns out to be a significant factor, it does not alter the nu-
merical dominance of small clusters over large ones. This
dominance is preserved even under annealing; however,
there is no indication that it occurs in real experiments. In
our model we made no provision for the simplest clusters to
decay under heating, whereas it is known from experiments
that at certain stages of the annealing the short-wavelength
emission disappear$.lt is important to note that simulations
of temperature dependences based on diffusion constants
predict a rapid increase in cluster formation above
T,=400°C, where the computed diffusion shift is much
L L1 | R smaller than the interatomic distance. This matches the ex-

0 W 200 70%08 2000 0w 2000 perimentally observed sensitivity of the short-wavelength lu-
’ minescence to even small amounts of heating. The agree-
FIG. 5. Increase in the number of triply coordinated Si atonis(8dmpac- Mment is explained by the fact that both diffusion and
tification of cluster with time. a—anneal temperatur@g= 600 (1), 700  enhancement of percolation are caused by an increase in the
(2), 750(3), and 850 °C(4). b—clusters with largdl), medium(2), and - opjjity of atoms as the temperature increases.
small (3) densities;T,=800 °C. c—largg1), medium(2), and small?3) size . .
clusters(radius of gyratiojy T,=800 °C. Another important fact, which was revealed by our
simulation and which agrees with the experimental data, is
that percolative formation of clusters of fractal type “out-
strips” compactification into nano-sized inclusions with

aftero the usual ex.penmental anneal t|n(1§30 min) at well-defined phase boundaries. Because the latter process is
600 °C, transformation of the clusters practically ceases. In-

creasing the annealing temperature by only 100 °C greatldiffusive in nature, it occurs at higher temperatures
X . >700°Q. Since compactification depends on the size and
activates the process, and at 850 °C the transformation of 9 b P

.I0oseness of the percolating cluster, we can identify condi-

hon-phase inclusion into a phase inclusion takes place 'Hons where percolation will dominate—low doses and tem-

roughly 500 sec. Figure Sb shows how the rate of tr":meOr'peratures, and short anneal times. The last implies, in par-

”?a“O”_OT _clusters_ at 800°C depends on the initial densﬂy. Aticular, that large-radius percolation clusters can be formed
higher initial density corresponds to a larger number of tr|plyby very short pulsed anneals up to the point where they

coordinated Si atoms &=0. The looser the initial cluster is, compactify into phase inclusions. Moreover, by changing the
the more rapidly itis transformed into a phase inclusipn. Thqmplantation dose and using combinations ,of anneals at dif-
transformatfmr: r?te qlso depetrr:ds og. the fclustetr S'Ze'h.o%rent temperatures and durations, we can control the forma-
measure of cluster size was the radius of gyration, w ICqion and final sizes of the nanostructures. Our recent experi-
characterizes the average departure of_each of the atoms Mental results on pulsed annealing and combinations of
the cluster from the others. Equal density was ensured by Sulsed annealing with annealing in a furnace confirm what

suitable selection of cluster masses and radii of gyratlon\.Ne have said. In addition, the simulation data correlate with

F_ig_ure S¢ ShO_WS that the_ compactifi(_:atipn c_>f Iarge-_sized P'€Such well-known facts as the dominant role of nucleus for-
cipitates (or high mass if the density is fix¢dequires a

. . \ mation over growth for highly supercooled solid solutibhs
considerably longer ime at a fixed temperature. or the need to reach certain temperatures and saturation lev-
els of impurity in order to form nano-sized phase
inclusions!*'®We also argue that the results of our work are
immediately relevant to the problem of uniform nucleus for-

The range of medium-energy Si ions in $i€haracter- Mation as a supersaturated solid solution decays. It is nor-
istically lies in the interval 0.1-0.&m, and their straggle is mally assumed that nuclei that form uniformly out of fluc-
about 0.03-0.1 um. Hence, delivering a dose of tuations correspond to the smallest phase volumes that can
D=10%cm 2 implies a doping level on the order of grow by attaching excess atoms from the surrounding
10P'cm 2 (~2 at. % and an average distance between ex-medium:’~**The experimental data show that the phase in-
cess Si atoms of roughly 1 nm. For such doses the mogusions interfere with the non-phase inclusions, depending
closely spaced impurity atoms are able to interact directlyon saturation and heating regime, which in turn affects the
with each other, since the distance between them becomégecific behavior and further growth of the phase precipi-
comparable to the Si—Si bond length. The significant enlates.
hancement of cluster formation revealed by simulation, and
the increased number of new luminescence centers observ
in real experiments at doses greated thalf &® 2 (Refs. 7 EoncLusions
and 8, indicate that the appearance of these centers is a Our simulation results show that when the concentration
consequence of direct interaction of silicon atoms amongf excess Si in Si® reaches values on the order of
themselves. As is clear from these results, this does not r&-0?*cm™ 3, cluster formation is abruptly enhanced. When im-
quire intrinsic diffusion. plantation doses of Si ions in real experiments reach this

DISCUSSION OF RESULTS
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A complete set of fundamental optical functions is calculated for hexagonal indium nitride
(w-InN) in the energy range 0—130 eV based on knowledge of the reflection spectrum. The
integrated spectrum of the dielectric permittivity is resolved into elementary components.
Three fundamental parameters are determined for each comp@nemhaximum energy, the
width, and the oscillator strengthA possible origin of these components of the dielectric
constant is proposed on the basis of known theoretical calculations of the indium nitride band
structure. ©1999 American Institute of Physids$$1063-782609)00304-X]

INTRODUCTION crystal films ofw-InN in the energy rang&=2-130 eV.
The problem of identifying the electronic structure of a
Indium nitride usually crystallizes as a hexagonal wurtz-solid in a wide range of fundamental absorption energies can
ite lattice @-InN).%? Thin films are obtained by cathode be addressed in three stages. First, the spectrum of at least
sputtering or microwave gas-phase epitaxy from metallorone optical function must be measured; secondly, this spec-
ganic compounds on various substra¢esbstrates of hex- trum must be used to calculate optical spectra for all the
agonal sapphire AD; give the best results known to date remaining functions. Finally, the structures of at least some
The long-wavelength absorption edge of InN has beemf these functions must be identified and compared with
discussed in many papels’ As a rule, samples of InN con- known theoretical data on energy levels and transition spec-
tain a high concentration of free carrigig to 16°cm 3 or  tra. As a rule, all three of these stages reduce to discussing
highey and every possible lattice defect. This prevents usheoretical results based on only a single reflection spectrum.
from studying free excitons and the fine structure of the It is well known that the best way to obtain extensive
threefold-degenerate top of the valence band, as is done Bimounts of revealing information about the parameters and
GaN! Analysis of the data in these papers gives a width ofdistinctive features of a material’s electronic structure is to
the band gap corresponding to direct allowed transitions inlerive a complete set of spectra of the fundamental optical
the rangeEy=1.7-2.0 eV. Refractive indices of strongly functions in the energy range for intrinsic absorption. These
doped polycrystalline films measured over the band of phofunctions are: the reflection coefficienR); the absorption
ton energies where they are transparent are found to vampefficient (); the refraction indexrf) and absorption in-
from 2.90 at a photon energi§=1.4 eV down to 1.63 at dex (k); the real &,) and imaginary §,) parts of the dielec-
E=0.78 eV (Ref. 4. tric permittivity (¢); the function E%,, which is propor-
Both pure InN and its solid solutions with GaN and AIN tional to the combined density of states in the approximation
are promising materials for making optoelectronic and solarof a constant transition probability; the number of valence
cell elements. Before their device parameters can be quantlectronsng4(E) that participate in transitions up to a given
tatively determined, however, it is necessary to know theirenergyE, in fractions of the total number of valence elec-
absorption spectra, i.e., their dielectric permittivities in thetrons per unit cell; the characteristic bultme ~!) and sur-
region of intrinsic absorption. InN is also theoretically inter- face [-Im(1+¢) ~1] electron loss functions; and the electro-
esting as a model semiconducting elemental nitride crystal.optic functionsa and 8 used for gquantitative analysis of
Although the electronic structure @-InN has been in- modulated optical spectra, €ftt.
vestigated theoretically in many papéthere is little experi- Guo et al®>*® used the reflection spectrum, but did not
mental data availablfe? Maxima are observed in the reflec- calculate a full set of functions. Specifically, they did not
tion spectra of InN film&at 5.0, 5.5, 5.8, 7.3, and 8.8 eV. resolve the spectrum af, into its components; instead, they
Sullivanet al® studied the dielectric permittivity spectrum in gave a comparison with theory for only the six maxima of
the range 2.5-5.5 eV. It consists of a single band with &n the rangeE=4-12 eV based on one of many theoretical
maximum at 5 eV. There is therefore an urgent need fopapers. Their calculated values for the refractive index
experimental and theoretical studies of the optical spectréurned out to be smaller than unity for energies 10 eV;
and electronic structure @f-InN over a wide range of ener- moreover, the calculated value ©f at 2 eV reported in Ref.
gies for fundamental absorption. Such a study became po$-is ~ 2 instead of zero, i.e., it is greatly overestimated.
sible after publication® of the reflection spectrum of single- These physically meaningless results are probably an indica-
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FIG. 1. Experimental reflection spectrufof indium nitride based on data from Ref. §,1) and computed spectra.2:—n, 3— e;; b: 4 —&,, 5—Kk,
6—u, 7—E%,c:8—ng, 9—[—Ime 1], 10—[—Im(e+1)"1]; d: 11 — o, 12— B.

tion that the calculations of the authors are insufficiently ac-scribed in detail in Ref. 11. Let us briefly consider its funda-
curate. This deficiency will in turn make the calculations of mental features. Usually the input data to such calculations
the other optical functions erroneous as well. are known experimental reflection spectra in a wide range of
The goal of this report is to derive a full set of optical intrinsic absorption energies frof, up to 10 or 100 eV, as
functions forw-InN in the rangeE=2-130 eV, to resolve g as in the transparent range. The missing portion of the
the overall spectra of, ande; into components, 0 deter- gnecrym at high energies is traditionally modeled by adding

mine three parameters for each component, and to COMPAfE s likeE P, wherep is a fitting parameter between 2 and

the results obtained with the data from theoretical calcula-, . L
. . 4. A leR<0.1inth E>10 eV, which
tions of the bands and, (Figs. 1 and 2, and Table. | sarue n the energy rang eV, which IS

also true for our case, i.e., InN. Therefore, the method used
to extrapolate the reflection coefficient to spectral region
METHOD OF CALCULATIONS where it does not change will to high accuracy have no effect
The method we used to derive the set of optical func-on the computed values of the other functions. The inte-
tions and resolve the total dielectric permittivity curve into grated Kramers-Kronig relations with respect to the reflec-
elementary components has been used many times and den spectrum are then used to compute the phase of the
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reflected wave. All the remaining optical functions except forspectra ofR or €, are modeled adl symmetric Lorentzian
Nesr @and the effective dielectric permittivity.; (see Ref. 11 oscillators with a large number of fitting parametérem 12

can easily be determined from simple analytic expressionspr N=4 to 3Q!) for N=10 or highe). This model requires
and ngs and e can be determined from simple integrals three parameters for each oscillator: the energy of the maxi-
over the function€e, andE ™ e,. mum E;, its half-widthH;, and the oscillator strength .

The experimental reflection curve and other optical func-  In this paper we use the method of combined Argand
tions calculated from it are the result of summing over con-diagrams, which is based on the idea that for a symmetric
tributions from all transitions from occupied states to freeLorentzian oscillator the function,=f(e;) has the form of
states over the entire volume of the Brillouin zone. Becaus@an almost perfect circle, whose center coordinates and radius
of the large half-width of the transition bands and theirdirectly determine the three oscillator parametees, (H;,
strong overlap, some of these bands do not give rise td;). We first construct an overall Argand diagram based on
maxima in the integrated spectrumRfr e,; moreover, the the total spectra of, ande; of the crystal. Analysis of this
energy positions of maxima of the total spectraRobr ¢, diagram allows us to unambiguously resolve the total spec-
can differ significantly from the true energies at which thetrum of e, into its elementary components without any fit-
individual transition bands have peaks. Very often the totating parameters, and to determine its parameters.
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FIG. 2. Integrated spectrum aof, for
w-InN (upper curvg and its resolution
into components.

DISCUSSION OF RESULTS maxima; this shift increases from zerokt2.3 eV to 0.3-

The experimental spectrum @£InN given in Ref. 9 in 0.5 eV at subsequent maxima. The refractive index is a
the rangeE=2—20 eV contains maxima at2.3, 5.3, 7.95, maximum (=2.78 at 4.80 eV, and is greater than unity
8.90, 10.25, 11.2 e\(Fig. 1a. All of these maxima are lo- ©OVer the entire energy range. The real part of the dielectric
cated in a region of intense intrinsic absorption. The reflecPermittivity &, attains its largest values of 7.56 and 7.42 at
tion coefficient in the energy range> 15 eV is very small: ~ 2.30 and 4.45 eV, respectively, and is positive in the entire
~ 0.02 and 0.002, respectively, at 20 and 100(Re¢f. 10.  region, i.e.,n>k in the rangeE=2-20 eV.

We will therefore discuss our results only in the range 2—  The spectra of four other functions{, k, x, andE?s,)
20 eV. are similar in the entire wide range of energies2—20 eV

The resolved maxima in the spectra wfand ¢, are  (Fig. 1b. Their largest values are as follows;=4.93 (at
almost the saméFig. 13. With increasing energy, these 5.55eV}, k=0.99 (at 5.65eV, u=1.14x10Fcm ! (at
spectra shift toward lower energies relative to such reflectiod1.60 eV}, andE?s,= 528.7 (eVY (at 11.2 eV. The shift of

TABLE I. Parameter€;, H;, f;, andS /S, of InN oscillators O;), and the nature and energ¢in eV) of
components of, based on theory from Refs. 12 and 14-16.

Oi Our data 12 14 15 16
Ei, eV Hi, eV fi S/Sna EPP MPP OLCAO SETB
0, 2.46 02 059 004
0, 3.7 1.1 075 017 A4 A34 TA4.4
0, 485 07 039 0.18 S 4.8A4.4
Os 5.55 12 127 10 355 M 5.2 LA5.6 -
O¢ 6.3 1.0 033 037 3 6.4,M5.8 6.2 3 6.7
o, 7.0 09 013 017 M 7.2 37.2 3 7.0 3 6.7
Og 75 0.7 007 0.09 376 $7.4,7.8 3 7.7 L7.3
0, 8.0 07 019 028 TI7.9Ks81 M8 383,80 383TIA83
O, 89 0.85 027 048 A9 5 8.8 LA86,90 392TI9
0, 93 05 004 008 K 8.6 39295096 393 392T9
0, 100 1.2 022 048 M 8.6 3 10.2 S 10.1 L11
0,; 111 1.7 040 099 K,M11.3 106,108 107,111 L11
LA10.7
0,, 118 14 008 022 M117 M 11.6,12 3115 S 12
ri1.7A12 312,122 LA,12
0,; 12.85 21 027 078 3145 S 14 S 13,12.8 T 14
0, 14.25 1.6 009 0.27 : S 14, 14.6
LA 14
0,; 16.15 22 009 029 3162 LA 15.6, 16
H 16.7 S 16.5
0, 1815 09 002 007 H175 3175
0,, 19.65 0.87 003 0.8 S 205
LA 21,19

Note EPP—method of empirical pseudopotentials; MPP—method of model pseudopotentials; OLCAO—
method of orthogonalized linear combination of atomic orbitals in the local-density approximation; and
SETB—semi-empirical tight-binding method.
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the maxima ofu andk relative to the maxima of, at high Using the method of Argand diagrartis, we resolved
energies increases rapidly with decreasing wavelength. Th§€ totale; curve forw-InN into components in the range
position of many maxima of the spectra Bfand &, are ~E=2-130 eV(in Fig. 2 and in Table | we show only results
almost the same. for the rangeE =2-20 e\}. Often the oscillator strength is
The spectra of characteristic bulk and surface losses fatveraged with respect to the total number of valence elec-
electrons are also simildFig. 19. Their maxima are shifted frons. In this casé; is proportional to the area of the basd
toward high energies relative to maximaaf by ~0.1-0.4  In the spectrunz,(E). However, in the presence of4(E) it
eV. This shift determines the energy of longitudinal- 'S more correct to takagi(E) into account in computing; .
transverse splitting of the transitions. Both methods of calculating the band intensities are repre-
With decreasing wavelength, the effective number of va-Sented in Table | by values ¢f and S;/Spsy. In resolving
lence electrons participating in the transitions increases, firdf!® spectrum of the dielectric permittivity, in addition to the

slowly (for E<5 eV), and then very rapidly and almost lin- six bands that coincide with maxima of the overall cusye
early with increasing energy in the regifin-8—14 eV. After we identified another twelve bands which are not observed

E~14 eV we observe a transition to saturation with~ structurally in the total spectra of the optical functions. The

6.5 (at E=20 eV). The maxima of the two most intense and Idistributi_on O:] bands with reipe(?t to inte_znsity cr?r! be ana-
broadest bands of the excitation spedibalk and surface Y2€d using the standard method: according to their &ea

plasmong of w-InN are located at 15.05 and 14.45 eV and, Our model for resolving the total spectrum of into
accordingly, the effective number of valence electrong components is the widely used theoretical representation of

increases within the half-width of the band of bulk plasmonsthe dielectric permittivity as a sum of contributions from

from 4.5 to 6.25. Since a single formula unit of INN contrib- symmetric Lorentzian qscnlators. The set we usedrdnN .
utes five valence electrons, the increased value,pin the was the smallest possible. Each component sums up transi-

band of bulk plasmons shows that electrons from deeper Ie\}jons that are close in energy, but not necessarily of similar
els participate to a considerable degree in the excitation orilature.

. . ; Of all the optical functions, we obtain only the reflection
bulk plasmons, in addition to the five uppermost valence : . )
electrons. spectrum experimentally over the wide range of energies for

. . . L intrinsic absorption. The energies at which it peaks are used
The electro-optic function3d is negative in the range . =
. . : : to determined several of the fitting parameters of the theory.
E=0-19 eV, while the functiona>0 in the intervals Accordingly, we introduce errors into the theoretical calcu-
E=0-10 eV and 17.5-20 e¥Fig. 1d. In the rangeE =0—4 gy,

eV we havelg|<a: i.e., in this region—where modulation lations, and sometimes very large ones, since the transition
W Ve|f|<a; 1.e., In this region—w vatl energies correspond to maxima e§ (or u,k), but not

spectra are cu_rrer_1tly most often enco unter_e d—_We can d's?ﬁaxima ofR. It is important to note that theoretical calcula-
gard _the co_ntrlbutlc_)n_ f_rom changes in the imaginary part o ions of the bands and spectra of optical functions could not
the dielectric permittivity. be verified with only the previously used reflection spectrum
_ Inthe energy rang& =60-130 eV the measured reflec- ,iiapje This clearly shows how much new and detailed
tion is very weakR=0.003(Ref. 10. The computed values j s,rmation we gain by using a complete set of optical func-
of other functions lie in the following ranges:; =1.15— i, and by resolving the total spectrumenfinto its com-
1.24,n=1.08-1.11,¢,=0.04-0.1, anck=0.02-0.05. The ,nents, information that can be the basis for new theoretical
number of valence electrong,; increases with increasing cajcylations of the electronic structure and determination of
energy linearly from 10 at 60 eV to 14 at 113 eV, and thenparameters for phenomenauainN.
undergoes a rather small jump to 15.7 at 128 eV. It is difficult to determine unambiguously what specific
Thus, we have obtained a complete set of optical funcyyaterial property the components of the spectrum repre-
tions forw—InN in the rangeE=0-130 eV. Comparison of gent, At this time, there is no theory of optical properties that
our results with data from calculations pf K, €,, given in  can combine the direct-interband-gap model with the
Refs. 9 and 10, reveals errors in these papers: a physicallyetastable- exciton mod&i.One widely used qualitative
meaningless values<1 in the rangeE=10-50 eV, overes- guideline says that the most intense interband, and accord-
timation of u, &5, kin the rangeE=2-4 eV, overestimation ingly excitonic, transitions must be observed betweeen pairs
of u in the rangeE=8-13 eV, etc. of bands—a valence band and a conduction band—that are
Of all the optical functions, theoretical calculations areparallel. Let us accordingly discuss the specific nature of
available only for e, (in relative unit3 in the range components ok, on the basis of one of the two models
E=1.15-16 eV (Ref. 12. This spectrum ofe, contains mentioned above. We must take into account corrections for
maxima in the neighborhood of the maxima of our spectrathe binding energy of metastable excitons, which can reach
i.e., it would seem that the theoretical data fégris in good  values of 0.5 eV or larger. Although the maxima in the spec-
agreement with our results. However, the theoretical spearum of &, can be explained much easier on the basis of an
trum differs from our experimental-calculated spectrum ofexcitonic model than in the approximation of interband tran-
€, by the absence of a very long-wavelength maximum anditions, calculations for metastable excitons are unknown.
an expected strong decrease in intensity ofwith increas-  Therefore, the nature of optical spectra is usually discussed
ing energy. The latter effect is characteristic of theoreticain a band model.
calculations of, andR for many crystals. The nature of this In the rangeE=30-130 eV, reflection and absorption
discrepancy has yet to be been explaited. are very weak. In the total curves B ¢,, k, andu, how-
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ever, the maxima are barely noticeable~a33.70 eV and tivity into 19 transition bands without fitting parameters. We
~120 eV. The resolved spectrum ©f in this range contains have also identified their nature on the basis of known band
more than twelve bands. Our data on the spectra of opticalalculations, thereby providing a new data base for more
functions and their components and the parameters of thgrecise calculations and understanding of the electronic
bands involved in transitions will be presented in more detaiktructure ofw-InN.
in another paper. This work was supported by the Center for Fundamental
The band structure of-InN has been calculated by vari- Natural Science at St. Petersburg State University.

ous methods: empiricl and model-basédl pseudopoten-
tials, orthogonalized linear combinations of atomic orbitals
in the local-density approximatidi,and the semi-empirical V- V- Sobolev, Optical Fundamental Spectra of Group>AB® Com-
tight-binding method® We have searched for pairs of almost 2g‘_’”srlﬂfg';r?d”ﬁ'ﬁbrscgg'_N\/T:(:A_'S}é'ﬂgi‘r’\hiﬁgd 1237(199D.
parallel bands based on data from these theoretical papersy. osamura, K. Nakajima, Y. Murakami, P. H. Shingu, and A. Ohtsuki,
viewing them as the most likely candidates for interband Solid State Commurt1, 617 (1972.
transitions. Their energies and natures are listed in Table I. In x ?A T&z?:khQQ "lﬂi-zEﬁtli(%”iec‘)’lh Arbv%drlflasziﬁz 3'957) /?gg\fleegﬁ i"d
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nature of the transitiong; which we have identified some- Phys.64 4144(1988.
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! V. V. Sobolev, S. G. Kroitoru, A. F. Andreeva, and V. Ya. Malakhov, Fiz.
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' . 721(1992.

quently, we cannot give preferenge t'O any One thgloretlcabQ. Guo, H. Ogawa, and A. Yoshida, J. Electron Spectrosc. Relat. Phenom.
paper(see Refs. 12 and 14-16t this time. Our identifica- 79, 9 (1996.
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Electrostatics is used to model the narrowing of the energysgdpetween Hubbard bandthe

A%- andA"-bands in a p-doped semiconductor with increasing acceptor concentration
N=Ny+N_;+N,; and with increasing degree of compensatioby donors forN_;~KN.

The screening of impurity ions by holes hopping from acceptor to acceptor is taken into
account. It is shown that this effect leads to a shift of #leband towards the valence band and
the A*-band towards the conduction band. The concentration of holes hopping in the
A*-bandN_ ;N /N is determined by the energy of their thermal generatigfirom the A°-band.
The values ok, calculated for Si: B are in agreement with experimental data.1999

American Institute of Physic§S1063-7829)00404-4

_ 1.1t is known' that strongly (()joped, we_akly compensatedpendence ok, on temperaturd and degree of compensa-
Si: B crystals support not onlj”-centers, i.e., boron atoms  tion K of the acceptors by donoréThe experiments of Ref.
in_charge states {1) and (0), butalso coexisting 7 showed that, increases with increasirig andT.)

AT -centers, i.e., boron atoms in charge siatd). Becausg _ In Ref. 8 the energy, required to transport one of the
states of holes bound to neutral acceptors have a statisticg{,o holes bound to & *-center to infinity was calculated
scatter in energy, they form tie"-band(the upper Hubbard  ith allowance for the screening of the Coulomb interaction
band, which is closer to the top of the valence band than thgyetween charges of the™-center by the degenerate gas of

0 .

A’-band(the lower Hubbard band v-band holes. However, the conclusion of Ref. 8 that

In the model of Ref. 2(see also Ref. 3 the authors  gecreases with increasing hole concentration inutHgand
solved the S_chttdmger equatlon in order to find the spl_lt_tlng has found no support in the experiments of Ref. 4, whgre
of symmetric and antisymmetric terms of a positively was inferred from studies of the thermal ejection of holes
charged molecule consisting of two acceptors in chargg,om theA*-band to they-band for various values df (see
states (0) and<1). It was shown that the exchange inter- 559 Ref. 1.
action for these molecules causes the activation eneryr In this study our goal was to describe the variatior: of
the transition of a hole from th&”-band to the valence band \ith increasing acceptor concentration and the degree of
to increase with increasing acceptor concentratibas the  compensation for holes in th&*- and A% bands that move
temperaturd — 0 K. According to_Refs. 2 and 4, the energy by hopping transport and screen the impurity ions.
gape, between Hubbard bands is 2. The equation of electrical neutrality for a semiconduc-

tor with A*- and A%-bands has the form

16(4+ «)

(2+ )3

gp=l,— lg—4madNV,| 1+ a—&x, (D) N, +KN=N_j, 2)

whereN=Ngy+N,;+N_; is the total concentration of ac-
ceptors in charge statég), (+1), and (—1), respectively,
and KN is the concentration of acceptors compensated by
donors.

The concentration of neutrdly, negatively chargetl _;

wherel, and |4 are transition energies for a hole from an
isolated neutral acceptoa) and positively charged acceptor
(d) to the valence ban&he v-bang; ¢, is the energy gap
between the A*- and v-bands, and V,=e?8meay;

e=¢g,gq is the static dielectric permittivity of the undoped q tively ch q
crystal (,=11.47 for Si; see Ref.)5a,=7%/\2ml, is the 2CCEPOrs, and positively ¢ argédi, , acceptors average
over the crystal, taking into account that their energy levels

Bohr radius for localization of a hole at a neutral acceptor,; o ) .
a=ag/a,, is the ratio ofa, to the localization length of a Eq=E_1~Eo a_”‘;' E)a:EO_ E.1 are distributed with densi-
hole at a positively charged acceptar ;=%/y2mly; and tiesg, andgg, is”
m=0.153n; is the effective mass of a light hole in 5%.For
boron atoms in silicon we have,~ 44.4 meV (Ref. 7, Nt:Nf f f19a04dE.dEy, ©)
l4~ 2 meV (Ref. )); anda=ag/a,~0.212.

However, the shift of theA®-band toward thes-band, Where
which strongly affects the probability of thermal ejection of a "
hole from theA®- to theA " -band, was disregarded in Refs. 2 -1_ -1 Cfe_ _
and 3. In addition, those authors did not determine the de- f 5:2—1 vsye el (ST OEe~ Bt ElllkeT].

1063-7826/99/33(4)/3/$15.00 391 © 1999 American Institute of Physics
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Heref, is the probability that an acceptor with enefgyand  tion and My _, is the mobility of holes that hop in the
number of quantum stateg, is found in one of the three A%band, while N,,=N,;No/N is the concentration and
possible charge states=—1,0,+1; E>0 is the Fermi M ,is the mobility of holes that hop in th&*-band. The
level; andkgT is the thermal energy. We choose to measureconcentrations of holes hopping in tAé- andA* - bands for
energies from the top of the-band of undoped Si. If the N, ;=N_;>KN has a maximum valusl,;=Ny,=N/8.
excited states of holes localized at a boron atom are ignored, According to the estimates of Refs. 1, 4, 14, and 15, the
we havel® y.=yo/y_1=4, y4=vo! v, 1= 1/4. hopping mobility of holes in thé\*-band M, 9 is much

The transition of an acceptor from a neutral (0) to alarger than in theA%-band Mo —1). Consequently, for the
negatively charged-{1) state with thermal emission of a ranges of temperatures, compensation degrees, and acceptor
hole from theA°- to thev-band is accompanied by absorp- concentrations where,,> 0,1, the temperature dependence
tion of an energyE,=E_;—E,>0. The transition of an of the hopping conductivity S
acceptor from a positively charged-(L) state to a neutral
(0) state is acpompanied by absorption of an endegy OpF OTpo= 0o exr{ _2)' 8
=E,—E.; (emission of a hole from thé*-band to the kgT
v-band. When two neutral acceptors “decay” into nega-
tively and positively charged ions, an enerfgy—E4=E_;
+E 11— 2E, is absorbed.

wheree, is the energy of thermal generation of holes from
A% to A*-bands.
The temperature dependenceog is determined by the

Let us assume th‘fit the af:f:eptor levels and Eq are change in the concentration of holég,=N,;Ng/N that
normally distributed with densities centered aroufdand hop in theA*-band, while the dependence bf, ;o on T

Eq, corresponding to the centers of tA8- andA*-bands?  gives the activation energy for transport of a hole in the
A -band, whose value is smaller or at most equalMadFor

= \2
ga(d):; exr{ _ E(M) } (4)  &2>W we then have the following expression from E8):
AV, 277Wa(d) 2 Wa(d)
d |n On2 d |n th

If we postulate a pure Coulomb interaction between neigh- &2=— Bm*— Bm
boring ions,W,q) is given by the expressioh
dNg LN dN,

€ am " Fdam | ©

2 8 1/3
Wa=Wd=w~1.64—(—N_1) . (5)

=—kg[Ng*
B| "YO d

4me\ 3

where the derivatives with respect to temperature are deter-

mined from the equation of electrical neutrali®) with al-

+KN=2N_j;. .
As the authors of Refs. 11 and 12 showed, screening O:g\rgvsrr;%e for Eq(3); the dependence &/ and\ on T can be

ions by holes hopping from motionless acceptor to motion- For N, ;<N_;~KN<N, in accordance with Eq(7),
less acceptog:ause; the lef&| to shift toward theu-ban.d the primary contribution to the screening comes from the
and the leveEg to shift away from the)-band. These shifts ;a5 of theA®-band, becausil; ;> N,. ForkgT=W, using

of the A%- andA " -bands in opposite directions are explained Egs. (2)(7), from Eq.(9) we can then write ok,

by the decrease in the energies; andE, ; of the negative

and positive acceptor charge states due to their screening by 3e? e

The total concentration of ionized impurities M_1+N_

holes hopping from acceptor to acceptbr: e2~la=la= 8me(A+1) _ZkBT' (10
= 3e? = 3¢e? As the concentration of acceptdxsincreases, the conditions
E.=l,— 77—, E¢=l4t 77—, (6) . o

16me(N+1) 16me(N+1) for applicability of Eq.(10) at low temperatures and low

degrees of compensation are satisfied as long as the Fermi

e avhage Sstonce pemios the closan mpuriy atoms; algfe] 15 COSET 10 theAls than 1o the A'-band, ie.
. . g : >(Eg+Eg)/2. Asth tion of tha™- hol
\ is the screening length for the electrostatic figld: F=>(EqtEa)/2. As the occupation of tha” -band by holes

increases, the conditiad, ;<N _;~KN is violated, and the
e2N ot At- andAO-tEnds_rapidly broaden and shift apart from one
= DekgT tzl 3:21 (t—s)? f f fifs0a0qdEdE,. another. FoIEq—E,~W the activated character of the hop-
@ ping conductivity arises not only from the temperature de-
pendence of the occupation of tie -band by holes from
Note that if we take Eqg7) and(5) into account, Eq(6)  the A%-band, but is also determined by the activation ener-
implies that the transition energy of a hole from #é-band  gies for transport of holes from acceptor to acceptor in the
to thev-band E,) increases with increasirlg, in agreement  A*- andA®-bands. Therefore, whed.. ;>KN, Egs.(9) and
with the experimental data reported in Ref. 1. (10) for e, cannot be used.
3. According to Ref. 13, the electrical conductivity due 4. Figure 1 shows activation energies for hopping
to hopping of holes from acceptor to acceptor is made up oélectrical conductivity stimulated by thermal ejection of
the electrical conductivity of thé°-band o, =eN, My _;  holes from theA®-band to theA*-band for the example of
and the electrical conductivity of theA*-band Si:B as a function of boron concentration; these are experi-
on2=eNpM 410, WhereNy;=NoN_;/N is the concentra- mental dat&**and calculations based on HE) and on the

)\72
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as the quantitf,, decreasefi.e.,Eq—4=1,—E,). Then the
energy for thermal activation of the transition of a hole from
A% to A*-band ise,~1,+ 14— 2¢,. In Fig. 1 we plot values
of &, versusN, based on data far, taken from Ref. 4open
circles.

5. In summary, we have derived an electrostatic model
for the narrowing of the energy gag, between Hubbard
bands in ap-type doped semiconductor with increasing ac-
ceptor concentratiorN=Ny+N_;+N,; and degree of
compensationK by donors whenN_;=N,;+KN~KN,
and applied it to the case of boron atoms in Si. In this model
we take into account screening of the impurity ions by holes
that hop from acceptor to acceptor in th& andA ™ -bands.

0 We start by writing the hopping conductivity in ti#e"-band

0% w7 ik as the concentration of hopping holls ;Ng/N times the
N,cm™3 hole mobility and charge, and eventually obtain an expres-
sion fore,. For the example of Si: B we have shown that the

FIG. 1. Dependence of the thermal activation energy for transitions Qf h°_'e%omputed values of, agree with experimental datd+1s

from the_AO— to 'theA*—band on the concentration .of boron atoms in Si. Note that our electrostatic model for calculating agrees
Calculations using Eq9) at T= 20 K for the following degrees of com- L .
pensatiork: 1 — 3x 1074, 2— 103, 3— 3x10°%; 4— calculationsee ~ qualitatively with the model of Refs. 2 and 3, but does not
Ref. 2 based on Eq(l). Experimental values: a—results of Ref. 14, support the conclusion of Ref. 8 regarding the shift of the

b—data from Ref. 15, c—calculated using the expressign |+ 14— &, A"-band toward the -band with increasing acceptor con-
and data for, from Ref. 4. centration

40

*Ref. 16 is cited in the Russian original, but is not listed in reference sec-
model of Ref. 2. In the calculations we assufe20 K, tion.
because in the neighborhood of this temperature thermally
activated Conductivity is observed in tl‘ieJr_bar-]d:_l-4 For E. M. Gershenzon, A. P. Mel'nikov, R. I. Rabinovich, and N. A. Sere-

these calculations three values of compensation were chose ggg‘i"a’ Usp. Fiz. Nauli32, 353 (1980 [Sov. Phys. Usp132 153

(K=3X 10_4, 10_3, and 3><10_3), which are close to ex- 2. Nushimura, Phys. Re\l38 A815 (1965.
perimental datd**® For largeN the value ofK is smaller. It 3L.P. Ginzburg, Fiz. Tekh. Poluprovodh2, 564 (1978 [Sov. Phys. Semi-

is clear that in accordance with experimehthe energye, 420”,3'-1(% 32;3(1978)]-F V. lmail 4L B. Livak-Gorskava. Fi
. . . . . . ershenzon, F. . Ismagilova, an . b. Litvak-Gorskaya, Fiz.
decreases with increasing compensation. The calculatedTekh_ Poluprovodn28, 671 (1994 [Semiconductor@8, 401 (1994,

curves 1-3 af = 20 K are bounded by the same values of 53, Bethin, T. G. Castner, and N. K. Lee, Solid State Comnidn 1321
N as long adN,;<N_;~KN; the limiting values ofN are (1974.

denoted by vertical lines. According to the data of Refs. 14 °Semiconductors: Group IV Elements and-M Compoundsedited by
d 16* th L for h . ductivity i O. Madelung(Springer-Verlag, Berlin—Heidelberg, 199p. 164.
an 7 the activation energy ror nopping con UCtIVIty n 7T, M. Lifshits, Instrum. Exp. Tech., No. 1 1(1993.

the A%-band of Si:Be,~ 5 meV for N~10"—-10%¥cm™3, 8D. E. Phelps and K. K. Bajaj, Phys. Rev.5, 912 (1982.
K<1072, andT<10K. 9N. A. Poklonski, V. F. Stelmakh, V. D. Tkachev, and S. V. Voitikov,

ot ; _ Phys. Status Solidi B8, K165 (1978.
. In. Ref. 4 the activation energy, for electrical (.:(.)nduc 10y, s. Bonch-Bruevich and S. G. Kalashnikdemiconductor Physidin
tivity in the v-band was measured by photoexciting holes g siag, Nauka, Moscow(1990, ch. 5, p. 189.
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case the value dt, increases with increasird by as much  Translated by Frank J. Crowne
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Samples of a silicon-germanium solid solution withand p-type conductivities and resistivities

of 1-2x10 2 -cm doped with a natural mixture of phosphorus and boron isotopes were
studied while being irradiated in the reactor core of the VVR-M reactor at temperatures in the
range 200-500 °C. By using effective-medium theory it is possible to calculate the dose
dependence of the resistivity and thermoelectric power of these samples in detail under conditions
where clusters can act as effective nuclei for condensation of the doping impurities.

Volumes are determined within which clusters can trap doping boron and phosphorus impurities
during irradiation, and mean-statistical radii are calculated for the defect clusters and cross
sections for their incorporation. It is shown that precipitation of phosphorus primarily decreases
the concentration of carriers in a conducting host of the sample during irradiation, while
trapping of boron changes the concentration of carriers in the clusterd99® American Institute

of Physics[S1063-782809)00504-9

INTRODUCTION EXPERIMENT

The search for heat-resistant radiation-hard thermoelec- The objects of our studies were samples of silicon-

tric materials has sparked much interest in the behavior ogermanium solid solution witin- and p-type conductivities

. . oy _3 . .
high-temperature materials based on solid solutions of sijjand resistivities of 1-210""2-cm obtained by high-

con and germanium irradiated by reactor neutroig4ow- temperature sintering and naturally doped with mixtures of

ever, the literature contains very little conclusive data on th?NSPhorus and boron isotopes. These samples were irradi-

behavior of boron and phosphorus in a cubic lattice as part o?ted in the reactor core of the VVR-M reactor at tempera-

an overall picture of accumulation and annealing of radiatiorfY"®S 1N the range 200-500°C in a_m!xgd neutron field. Mee}-
defects caused by reactor neutrons. surements were made of the resistivity and thermoelectric

Nevertheless. the authors of Ref. 4 have established thRPWer in the course of the irradiation, and the information
at doping levels ,of the order of 1%1:}11‘3 phosphorus re- obtained was accumulated in a computer for subsequent pro-
mains in the silicon lattice at substitutional positions up toCeSSINg and analysis. Figures 1 and 2 show the experimen-

temperatures of 200°C, both during annealing and during%a"y determined data on resistivity and absqlute thermoelec-
irradiation by neutrons, while borotup to 95% enters into ric power for samples oi- and p-type Sh/Geys with
complexes with defects but can be reactivated at 400 °C. Af-
ter high-temperature irradiation of a semiconductor, the pri- -1
mary defects that remain are clusters surrounded by space-
charge regions. In these regions, where electric field
intensities can reach values of®1%/cm, any 10 A-size mo-
bile defect can obtain an energy of the order of 0.1 eV from
the electric field®

The electric and strain fields that surround clusters are
not only capable of confining defectfut also of interacting
vigorously with impurities they captur¥ In their studies of
the influence of internal fields in neutron-irradiated silicon,
the authors of Ref. 6 showed that positively charged atoms of
lithium that enter the capture volume of a cluster decrease its
negative charge. The loss of lithium from the conducting _
volume is proportional to the density of defects introduced. 107’ - [15 lﬂ 12 n
Therefore, the question of how these clusters react with bo- 170

10 /] 170
. B L. . -2
ron and phosphorus during neutron irradiation is a relevant Fluence, cm

issue not only for the application of neutron doping, but a‘ISOFIG. 1. Dependence of the resistivipyof the alloy Sj-Ge, 5 on the fast-

for radiat_ion Stab_i”ty of highly doped semiconducting ther- neytron flu(irradiation temperature 420 CL—p-type samplez—n-type
moelectric materials. sample; solid curves are calculations.

1063-7826/99/33(4)/4/$15.00 394 © 1999 American Institute of Physics
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& Let us estimate how efficiently neutrons can form defect
clusters, with allowance for scattering 6Ei nuclei with
most probable energies on the order of 1 MeV by silicon or

5 germanium atoms. We assume that the capture of each ther-
mal neutron by &°B nucleus results in the creation of one

§ defect cluster on the average. Then the cross section for cre-
N:— 4k ating defect clusters that lead to a fast-neutron flB¥ {s
8“ Ez'yapﬂR+21, (1)

3k wherey, is the cross section for capture of thermal neutrons
by 1%B (y,=3838 bari; p and 5 are the doping impurity
concentration and fraction 8fB atoms;R is the ratio of flux

2 | | [ densities for thermal and fast neutrons; &hdis the macro-

0" w?® n® 0% scopic cross section for formation of defect clusters caused

Fluence,cm™? by the scattering of fast neutrons. The number of defect clus-

ters createdN,) will then be
FIG. 2. Dependence of the thermoelectric powesf the alloy Sj /Gey 3 0n

fast-neutron flux. Conductivity type of sample and irradiation temperature: Nkzch' 2)
1—p-type, 430 °C(see Ref.  2—n-type, 450 °C.
where ® is the flux of fast neutrons with energi&s,=36
keV.

starting carrier concentrationsio=1.24x10?°°cm 2 and As shown in Ref. 7, allowance for the strain-electrostatic
Po=1.08x10?°cm™2 after their irradiation with various fields of defects when regions of disorder are created signifi-
doses of fast neutrons. Usually, the changes in resistivity ané@ntly increases the concentration of divacancies in the dam-
thermoelectric power recorded as a function of the fast neuaged region. In Ref. 3 it was proposed that even after the
tron flux can be described in the framework of effective-formation of a defect cluster the presence of strain and elec-
medium theory as a transition from the initial conductivity to trostatic fields around the damaged region can serve as a
a conductivity determined by regions with the introducednucleus for the condensation of coppermpiCu,Se. Once it
defects has precipitated out in the capture volume of the cluster, this
copper is found to be electrically inert, whereas the concen-
tration of holes in the conducting copper selenide host in-
creases.

In Ref. 9 it was shown that neutrons with energies above It is natural to assume that defect clusters can also be
36 keV are capable of creating clusters of defects in siliconsinks for doping impurities with a small diffusion coefficient
The probability per unit length of fast neutrons creating thesevhen a sample is irradiated at sufficiently high temperatures,
clusters, which is the same im and p-type Sj/Gey3, is  conditions that exist in a reactor. Therefore, in order to de-
3 =0.15cm ! if we assume that each scattered neutron crescribe the dose dependence of the resistivity and thermoelec-
ates a cluster of defects independently of the irradiation temtric power of then-type SpGe, 3 samples in more detail, we
perature. This assumption is based on the idea that if inwill assume that when they are irradiated in a reactor at a
creased irradiation temperature leads to annealing of th&emperature of about 420 °C, the doping phosphorus impuri-
small-size clusters, then heavy doping of samples of Si—Gties they contain will lose their electrical activity, both by
solid solution can lead to a spatial separation of primaryvirtue of natural precipitation onto intrinsic defects in the
generated subcascades. Walker and Thonifisesed the presence of irradiation and after subsequent deposition at
Monte Carlo method to calculate the dimensions of cascadegusters. Usually,<40% of an initial phosphorus doping
created by first-generation knocked-out atoms in siliconjevel (ng=1.24x 10?°cm™3) precipitates out before irradia-
from bismuth to nitrogen, and showed that with decreasingdion. Because the irradiation temperature of the samples of
mass of these first-generation atoms the size of an average p-type Sp-/Gey s exceed 400°C, not only do the phos-
cascade increases along with the possibility of generatinghorus atoms remain electrically active during the irradiation
isolated subcascades. Becaystpe samples were doped procesgunless they turn out to be trapped by defect clusters
naturally with a mixture of boron isotopes, thermal neutronsor intrinsic defects but the boron atoms retain their electri-
can react with°B according to the reactiotfB(n,a)’Li. As  cal activity as well, both in the conducting host of the
a result, a-particles and Li nuclei, whose total energies samples and when they are captured in clusters. The change
amount to 2.66 MeV, are formed. Allowance for cluster for-in carrier concentration of the conductimgSiy /G&, 3 host,
mation during scattering ofv-particles €,=1.69 MeV)  and in the defect clusters createdpsbi, Gey 3 by nuclear
leads to a change in the cross section for cluster formation bgadiation from the reactor, is then directly proportional to the
fast neutrons of only 2%. An increased concentration of defraction of capture volume of the clusters:
fects forms at the end of the-particle range. Th_ese defects, AP=P,[1—exp—3V,d)]. 3
however, cannot form clusters or at least nuclei, as a result of
aggregation, for subsequent vacancy formation, which thenlereP,, is the maximum boron or phosphorus concentration
could be converted into defect aggregates. precipitated out into the capture volume of the clusters, or

THEORY
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TABLE I.
Material ng Py, P., I, Fas y
Parameter type Bem3 10¥cm3 10°cm™3 107 8cm 10 8cm
@, pVIK p 1.08 1.0 0.35 47 26.5 1.7
@, pV K n 0.73 6.3 -20 41 47.0 0.88
p, Q-cm p 1.08 1.0 0.35 42 33.0 1.7
p, Q-cm n 0.73 6.3 -20 38 47.0 0.88
lost from the conducting hogfor p- and n-type Sj/Ge, 3 We can determine the defect concentratidly)(in clus-

sample, respectively and V= (4/3)7-rr§ is the capture vol- ters created by neutrons when the latter overlap fully by mea-
ume of a defect with radius,. Consequently, the conduc- suring the concentration of carriers in the sample before and
tivity of the n-type Sj-Ge, 5 host is after irradiation:

o0=0Ny, (4) Ng=No—Ng, (8)

. . . whereNy, and N4 are the carrier concentrations before and
whereq is the electron char is the mobility of electrons - 70 S e . .
d 9n y after irradiation. Using the relation between the conductivity,

in n-type Sj /Ge) 3 before irradiation, and=ng —Ap is the i .
concentration of carriers in the conducting host. The conduc;[;c: (:lan"ucsznfggr}gls;\ﬁnthee:arlgsr;%tr)llgtfofg;g:r?ggihcsggi’ R
tivity per unit volume of cluster created mSi; ;Gg, 3 can be g exp 9

written as in the thermoelectric power as a result of neutron bombard-

ment @):®
oi=apuy,, 5 R=hRy, m=guo,
where u, is the mobility of holes in the cluster volume for h=g/f, y=p1/uo,
p-type samples, and=p;+Ap is the concentration of car-
riers in the clusters. . (2f+1)2(1—C)(1—xy)
According to effective-medium theory, the conductivity ~ 9=f |1~ (2f+ 1)%(1-C)+ (2f+x)°C| )

of a medium containing high-resistivity clusters of defects

with conductivity o; embedded in a host consisting of a WhereR, andR are the Hall constants before and after neu-
material with conductivityr, (Ref. 8 is given by the expres- tron bombardmenty, and u are the charge-carrier mobili-
sions ties before and after irradiation, apd is the charge-carrier
mobility for overlapping clusters.

While the sample was being irradiated in the channel of
the reactor, we measured the differential thermoelectric
power which allowed us to calculate the absolute thermo-
electric power. If we assume that a simple parabolic band is
sufficient to describe the silicon-germanium solid solution,
and that the scattering factor €1) does not change during
) ) ) irradiation in the reactor core at temperatures in the range
rated defect clusters, an@ is the fraction of conducting 200—500°C, we can find not only the carrier concentration
volume. from the experimental values of the thermoelectric power

Using the standard expression for the fraction of noncony .y - put also use Eqs(6) and (9) from effective-medium
ducting volume occupied by defect clusters, we can Sho"’(heéry to calculate the thermoelectric power:
that '

C=exp —3Vd), (7)

1/2

X
a’+ -

O'eff:fo'o, f:a+ 2

1
a=5

2 y X:(Tl/(To, (6)

(3 1) X
EC_E (l—X)+§

where oo is the conductivity of the medium with incorpo-

a(Fy) =cspling Poh N 1], (10)

where R, is the Fermi integral of degree 1/, is the

whereV=(4/3)7r$ is the volume of a cluster with radiug.  density of states in the conduction band, s the carrier
The combined solution of Eq$6) under conditiong1) concentration in the conducting host of the sample.

and (7) allows us to compute the average radius of defect The matrix for the procedure CSPLINE is calculated
clusters created by neutron irradiation in samplesngf from the known dependence of the thermoelectric power on
p-type Sp /G ; at temperatures of about 700(Ref. 3. In  the reduced Fermi level for a parabolic band when the scat-
order to describe the experimental dependence of the resitering factorr=1.
tivity on irradiation dose(fast-neutron flux in more detail,
we took into account the change in carrier concentration AChesuLTS
cording to Egs.(3)—(5) in solving Eq.(6). The results of
these calculations are shown in Table |, whegg is the Using Egs.(6) and (9) from effective-medium theory
carrier concentration after an hour of irradiation in the reac-and taking into account redistribution of doping boron and
tor. phosphorus impurities according to E¢R)—(5), we can de-
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scribe the experimental data for dose dependence of the réfB in p-type Sj;Ge, ; and the precipitation of phosphorus
sistivity and thermoelectric power in Si-Ge samples. in n-Sip/Gey 3 at intrinsic defects, we find that the defect

Our analysis of the experimental thermoelectric-powerconcentration in clusters createdritype samples turns out
data in the framework of effective-medium theory revealedio be 9.8<10%cm™3, while in p-type samples it is 9.6

that the charge-carrier mobility increasespitype samples  x 10'°cm 3, In this case we assume that when clusters form
and decreases intype samples of §iGe, 5 alloys (before  near precipitation sites, the phosphorus atoms recover their
irradiation these mobilities areu,~50cn?/(V-s) and electrical activity.

Hp~40 cnt/(V-s) for electrons and holes at room tempera-

ture). However, the computed changes in carrier mobility (  CONCLUSIONS

for these materials do not correspond to their values mea-

sured after irradiationthe mobility of carriers inn-type We have shown that irradiation of highly doped materi-

Sip/Ga,s decreases by roughly a factor of 10, while in a!g by reactor. neutrqns, in .partlcular materials based on
silicon-germanium solid solutions, at elevated temperatures

p-type Sp ;G zit increases by only roughly a factor of 1.4 o . NN X
In our view, this behavior is attributable to the presence otOf about 700°K leads to spatial redistribution of the doping

otential and strain fields that surround the defect clusterdPUrities in the samples. During the irradiation, the impuri-
P hi : CUSTS1es interact with the electrical and strain fields of the defect
which disappear when the clusters overlap fully at high " clusters created by neutrons from the reactor. Phosphorous
diation fluxes. y : p

. loses its electrical activity during irradiation, not only be-
Table | shows clearly how much the carrier ConCer]tra'cause of precipitation at intrinsic defects but also at the
tion in the conducting host and in the defect clusters changes precip

during irradiation. The concentration of electrically active ggwggitlirg[;o%(:tﬁgsge)ifrfgéi;![?osr:etresﬁV\(/ar;::t?ﬂ:;e br;urglﬁl df)oerslfot
phosphorus in the conducting host of aflype Sp/Ge) s P ' P '

sample, for example, decreases by 30% in the course of nelg)-Se Its elec_tnqal activity in the samples, even ifit is drawn
. - o . y an electric field into a damaged cluster region. The model
tron irradiation due to precipitation at clusters, while for

0- Si-Ge, s samples the concentration of holes in clustersVe have developed for defect formation allows us to describe
- 0. .3

: S In detail the changes in kinetic coefficients as a function of
increases by roughly a factor of 3 from its initial value. The . .

. . fast-neutron flux. Our model gives more precise values not
calculations show that the radius of the capture volume of a

. . only of the sizes of the defect clusters but also the concen-
cluster is smaller for boron than for phosphorus. In our view

this result is attributable to the fact that boron, in preserving}r""t'onS of defects within them.

its electric(negative charge, is confined by the electric field ) )

f the cluster. whereas phosphorus probably is confined b A. P. Dolgolenko and N. D. Marchuk, iRroceedings of the XII Interna-
Y y T p p p y Ytional Conference on ThermoelectricYokohama, Japan, 1993
the cluster’s strain field. p. 66.

As it does for the dose dependence of the resistivity,?A. P. Dolgolenko and N. D. Marchuk, Bull. Belarus Acad. Sci., Ser.

llowance for the redistribution of doping impurities in ,Phys-Mater. Sci3, 35 (1991.
allowance for the redistribution o dOp 9 purities 3N. D. Marchuk, A. P. Dolgolenko, and N. N. Kolychev, Rroceedings of

n'_p'S|0.7GQ>._3 S_amples via EQis)_(S) leads to a more de-  the International Conference on Radiation Materials Scienkkishta,

tailed description of the experimental thermoelectric-power may 22-25, 199qKharkov, Ukraine, 1994 v. 9, p. 113.

data as a function of fast-neutron flux. We were able to de-“z/- DéA[khmet%V and V. V. go|0t0v,(FiZ-8T]ekh- Poluprovod®?2, 1556
; (1988 [Sov. Phys. Semicon@2, 984 (1988].

S(.:”be’ for (_-:txample, the de_pendence of the hole thermoeIec‘”L. C. Kimerling and P. D. Drevinsky, IEEE Trans. Nucl. SkiS-18 60

tric power in p—S_|0_7Geb.3 (Flg. 2 on_the neutron flux well (1971.

enough to predict not only its maximum value at a flux of ®L. C. Kimerling, Defects and Radiation Effects in SemiconductSes. 46

about 18°cn?, but also its falloff to values close to that of _(Bristol-London, 1978 ch. 1, p. 56.

: V. A. Artem’ev, V. V. Mikhnovich, and S. G. Titarenko, Fiz. Tekh.
the electron thermoelectric power at a flux on the order of Poluprovodn22, 750(1988 [ Sov. Phys. Semicon@2, 468 (1988)].
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This paper describes the results of acoustodynamic studies of the electrical pardeftgetise
electron concentration=1/eR, and Hall mobility u, =Ry /p) of n-CdHg, _,Te crystals
(x~0.22). It is shown that ultrasonic loadirfgith intensities up to 0.5 10* W/m?) leads to an
increase in the values af and uy in the impurity-conductivity temperature range

(T~100K). The authors explain the effects observed by invoking acoustostimulated liberation
(activation of donor-like bound defects, leading to a corresponding decrease in the

scattering potential of alloy nonuniformities. Characteristic parameters of the acoustoelectric
interaction are evaluated in the framework of an assumed dislocation model99@ American
Institute of Physicg.S1063-782809)00604-3

1. INTRODUCTION lithium niobate(35°Y-cut) transducer, and fed to the sample
through a quartz buffer, which was used for electrical isola-
&ion and acoustic matching. In order to prevent irreversible
ultrasonic effects, the intensityV,g did not exceed 0.5
X 10" W/m?; high values ofW g were used only at low

A well-known characteristic of CéHg,_,Te crystals is
the presence of impurities and intrinsic point defects boun
to extended structural imperfectiofdislocations, inclusions

of a second phase, small-angle boundaries).dtds highly . ) .
likely that external perturbations can cause these defects 118 mpera_\tures'l' < 200 K. Particular attention was paid to_
monitoring the temperature, due to the possibility of addi-

become electrically active and give an additional contribu-t_ Lult = heating. W ble to k the t
tion to the conductivity. One such perturbation is tempera-Iona uftrasonic heating. ¥ve were able 1o keep the tempera-
ure constant to within at least 0.2 K, while making the ul-

ture; another is intense high-frequency ultrasonic loading o* . .
the crystal. Previous studies of the effect of ultrasonic Ioad_trasqmc measurements. The scheme- for. ultrasonically
ing on the electrical and photoelectric parameters ofoad'”g the sample is shown in the inset in Fig. 1.

Cd,Hg, _,Te crystals, which focused primarily on residual

effects (after ultrasonic processing? established that the 3. EXPERIMENTAL RESULTS

nature of the acoustostimulated effects in 11-VI semiconduc- )

tors is determined by acoustodislocation interactions and ef- _Fi9uré 1 shows temperature dependences of the concen-

fective conversion of the absorbed ultrasonic energy into intration n that are typical of the-Cd,Hg, _,Te samples we

ternal vibrational states of the crystaWhen this ultrasonic investigated,_measured _bOth withdeurve 1) and with ul-
energy is absorbed in a Qdg, . Te sample, it intensifies trasonic loadingcurve 2) in the temperature range= 77—

the diffusion-driven redistribution of point nonequilibrium 200 K. The method of preparing the samples for measure-
defects between the bulk “subblock” and extendedMent was described in Refs. 1, 2, and 9. Wifea 110 K,
defects?~® However, dynamic ultrasonic loading at below- the functionn(T) was observed to saturate, i.e., the conduc-

threshold intensities in samples with quasi-equilibrium state&Vity was impurity-like in character. Figure 1 also shows the

of their defect structure gives rise to completely different adunctions un(T) and data on the mobility of a structurally

8 .
processes which manifest themselves by reversible changBE'€Ct samplécurve4).” It is clear that at low temperatures

in the electrical and acoustic parametéravhich require a (1 ~ 120 K) the values ofuy, for our samples are smaller
special study. than those of a structurally perfect crystal, which is evidence

In order to clarify the mechanism of ac defect transfor-0f theé nonuniformity of the samples under sty It is

mation we have studied the temperature and amplitude den_oteworthy that thermodynamic disorder at a level of 2—3%
pendencegfrom the intensity of the ultrasounaf the elec- is a general characteristic of this material, due to the particu-
trical parameters(the concentrationn=1/eR; and Hall lar features of the phase diagram; for the most part, this

mobility uy=Ry/p) of n-CdHg, _,Te crystals k~0.22). svitslgrrgj?les the physical properties of the material as a

For all the samples we investigatésee Table ), the
effect of ultrasonic loading on the electrical parameters in the
In order to bring about a regime of dynamic ultrasonicimpurity-conductivity temperature rang&@ € 120 K) mani-

loading, we added acoustic elements to the setup for a stafests itself as a decrease in the quartyand an increase in
dard Hall experimentincluding a 0.45-T dc magnetic field ~ uy . It noteworthy that switching on and switching off the
Longitudinal ultrasonic vibration&wvith frequency 5-7 MHz  ultrasonic loading led to reversible relaxation of the electri-
and intensityW,s<0.5x 10* W/m?) were generated by a cal parameters, and the valuesroénd u returned to their

2. EXPERIMENTAL METHOD

1063-7826/99/33(4)/4/$15.00 398 © 1999 American Institute of Physics
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FIG. 1. n-Cdy »1Hgg 7oT€ (sample 3. Temperature dependences of the con- ) ]
centrationn=1/eR; (1-3) and Hall mobility uy=Ry/p (1', 2, 4) for ~ FIG. 2. Plots of the change in concentratiamys=n(T;,oys) —n(T;,0)
sample 3 oh-Cd, ,JHg, 7sTe. 1 and1’ are without ultrasonic loading, and (upper (_:uryeﬁ a_nd mobility uy (lower curveg versus the stress of the
2’ are with ultrasonic loadingd,s~4x 10° Pa), 3—theoretical dependence Ultrasonic vibrationsrys, measured at temperaturés, K: 1 — 87,2 —
of intrinsic concentration fok~0.21, 4—mobility of a structurally perfect 93,3 — 103, for sample 2 oh-Cdy, ,Hgo 7sTe.
crystal (see Ref. 8 The inset shows the scheme for ultrasonically loading
the samplel—sample,2—piezoelectric transduceB— buffer. The mag-
netic field is directed perpendicular to the plane of the piezoelectric transfoading leads to an exponential growthrinwhere the slope
ducer. of the function logh="f(oyg increases somewhat with tem-
perature. Every plot we made of the amplitude dependence

. ) i i i mu(oys) exhibited an initial range of linear growth in
original values. The time for this relaxation oscillated be-\yith subsequent saturation. However, in contrast to the func-
tween a few seconds and hundreds of seconds, depending gg,, n(oys), the slope of the linear portion gfy(oys) did

the sample, the ultrasound intensity, and the temperature. ¢ change appreciably with increasing temperature, while

The dependences afanduy on the effective ultrasonic s threshold for saturation shifted towards lower values of
stress amplituderys, i.e.,n(oys) anduy(oys), are plotted ous.
in Fig. 2 for one of the samples. The magnitudeogfs is

determined by 4. DISCUSSION OF RESULTS
g S:(va SW 5)1/2 . . .
U ustfus’ In analyzing the experimental data it is natural to start
wherep is the density, and g is the velocity of ultrasound from the fact that the behavior of the electrical characteristics
in the crystal; for CgHg, _,Te we havep~ 7.6 kg/n?,and  at low temperature§< 120 K is determined by the defect

vus~ 3.4xX10° m/s. It is clear that increasing the ultrasonic state of the structure, while the dynamic changes and u,

TABLE I. Values of the Hall parameters and computed acoustoelectric interaction parameters for the samples
of n-Cd,Hg, _,Te under studyX~0.21-0.22).

Sample 1/(eRY), ud, ous, UERS), ups, Vn s v, IAE,  AE,
No. T,K 10®°m3 m¥V.s 10°Pa 10°m 3 m¥V:.s 10¥7m* 10%miev eV

1* 77 9.3 4.0 5.3 14.7 7.0 6.1 14 0.05
2 87 3.1 55 3.7 4.4 9.1 6.2 6.6 0.09
2 93 3.2 6.7 3.7 45 8.4 7.4 6.6 0.11
2 103 3.9 6.8 3.7 5.4 7.6 9.7 6.6 0.14
3 77 3.0 5.3 3.3 4.0 9.0 -
4 77 2.8 14 3.7 3.4 16

*Note: The label “0” indicates a parameter obtained in the absence of ultrasonic loading; the label “US”
indicates the presence of ultrasonic loading. The valuestfare estimated assuming thaf= vy, .
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in the ultrasonic field are a consequence of nonequilibriumacceptor-type defecﬂgg (compared td\lg) for n-type crys-

short-time processes driven by the ac curr@at processes tals, we can write from Eqg1) and (2) the expression
that transforms this defect state. It is noteworthy that previ-

ously investigated mechanisms for residual ac-induced N(T) —ng=np(T)=N5 exp(— Uy /kT). 3
changes in the electrical parameters w©fCdHg,_,Te
samples (internal ac annealing; decay of HgTe Thermal activation of bound defects should manifest it-

inclusionst! etc) are not controlling factors for ultrasonic self as a weak temperature dependence of the concentration
loading in the dynamic regime. In fact, when the current flowjn the impurity-conductivity temperature range. It is clear
is uniform throughout the entire volume of the subblock, thetat whenn,<n,, it is very difficult to discern any such
diffusive processes listed above require the presence @fependence in(T). However, a careful analysis of our data,
sources(or sinky of point defects(dislocations, low-angle together with experimental data from the literature, shows
boundaries, inclusions of a second phase,'®fcand also  that certain CgHg, ,Te samples exhibit a weak increase in
rather high diffusion coefficients and processing times. The, (in the range 80<T< 150 K). We should emphasize one
relaxation times we observed, combined with the approximamore time that the increase in concentration in this tempera-
tion of using known high-temperature chemical diffusion tyre range cannot be connected with ionization of impurities
coefficients)® indicate that at low temperatureS< 150 K} or with the contribution of intrinsic carriersn(<n,<no).
the estimated diffusion length does not exceed a few IattiC@Sing the fact thahy~n (77 K) and the experimental data
constants even for the most mobile component of the solign the functiom(T) measured in the absence of ultrasound,
solution, i.e., interstitial Hgatoms. This allows us to assume e derive the following estimates from E(B): U,=(0.05
that ac processes in ¢dg, _, Te crystals are nonequilibrium +0.02) eV anngz (2+1)x102m~3. The importance of
in character. Primary evidence for this conclusion is theifhese parameters for clarifying the specific nature of the
reversibility and the absence of residual phenomena. bound defects is beyond question; however, because of the
The decisive factor that creates these AC processes is t%mparatively narrow temperature range in which our inves-
presence of an atmosphere of impurities and intrinsic defecrﬁgations were carried ouup to 78 K), the accuracy of de-
“bound” at dislocations and other imperfections. These im-termjning N5 and Uy is rather low.
purities can exist in the neutral and in the ionized states; in The effect of ultrasonic loading on the electrical param-
the latter case they form space-charge regions. During ultrasers will be discussed in the framework of dislocation
sonic loading, some of these bound defects can be detaCh?ﬁ’echanisméf‘ i.e., we identifyU,, on the one hand, as the
and enter their electrically active state via thermal activatior]energy for binding an impurity to a dislocation and, on the
with subsequent ionization, thereby becoming the same agher, as the energy of vibrational motion of a dislocation.
the previously ionized defects. Let us consider the case of reversible effects, i.e., below-
threshold values of the intensity/5, for which we can
ignore the stepwise motion of the dislocation. From theory it
4.1. THE EEFECT OF ULTRASOUND ON THE ELECTRON is known that external mechanical loading decreases the
CONCENTRATION binding energy of a dislocation to a defect according to an
approximately linear law*!® Assuming in the case of ultra-

Let us denote the contributions of “free” donor§ Mnd  sonic loading thatl ys=Uy— y,0us (Ref. 3, we rewrite Eq.
“free” acceptors l\f1 to the total carrier concentration in the (2) in the form

absence of ultrasonic loading Img=N3—N?, and the con-

tribution from bound defects by,=N5—N&. It is important NE(T,oys) = N8 exd — (Up— ynous) /KT, (4)

to note that for our CdHg, _, Te crystals x~0.21-0.23) all

the donor impurity levels practically coincide with the bot- where vy, is the effective interaction of an ultrasonic wave

tom of the conduction band and are ionized even at liquidwith a crystal defect. Since the quantity,s= o cos(2rft)

helium temperatures, while for the intrinsic concentration weenters into the exponent in EG}), the average value of the

haven;<ny<ny whenT= 100 K. Taking this circumstance change in concentration over a period of the sound wave

into account, but disregarding the possibility of multiple ion- Anys=n(T;,oys) —n(T;,0) will not equal zero for

ization of various impurity levels, we can write the carrier (y,oys/kT;)=1, whereT; is a fixed temperature at which

concentration in the form the amplitude measurements were made. This implies that

_ — (NO_NO b_ nb during the expansion of a certain microvolume of crystal the

N=no+ M= (Ng=Na)+(Na—Na). @ increase in concentration of ionized defects in this microvol-
For each group, the thermal activation of bound defectaime will not be compensated for in the next half-period of

is described by a corresponding expression: compression.

b b In the theory of dislocations the quantijy=abl has the
Nai.a(T)=No exp(—Uo/KT), @ sense of an ac'si/vation volume, Whegeandlﬁgzre the ampli-
where Ngla is the concentration of donor- or acceptor-typetude of displacement and length of the vibrating segment of

defects, which as a result of thermal activation enter an eledislocation, respectively; arfalis the Burgers vectdf Note
trically active state;Ng is the total concentration of bound that in our analysis of the vibrational ac motion of a dislo-
defects; andJ, is their binding(activatior) energy. Disre- cation in a CgHg, _,Te crystal we assume a thermally acti-
garding thermoacoustic activatiofand/or gettering of  vated character for its motion, which is determined at tem-
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peratures T<300 °C by the impurity atmospheté. depend only weakly on the ultrasourfdr perhaps not—
Therefore, using Eq(4), we can analyze the amplitude de- compare curved’ and 2’ for T> 150 K in Fig. 1. It is
pendencen(oys) by writing: likely that the observed saturation of the function(oys)
ny(ou9) =N(T;,0us)—No(T;,0) is connec_ted with this circumstance. The latter conclusion is
also confirmed by the fact that the more perfect a crystal of
=N5 exf — (Ug— ynoug)/KTi]. (5) CdHg;_,Teis, i.e., the closeny(T) is to curve4 (Fig. 1),
the smaller the ultrasonic effect of increasing mobility is in

The values ofy,, can be calculated according to E§) from the impurity-conductivity rangésee Table I, sample)4

the slope of the experimental curves logoyg]=f(oy9) at
fixed values of the temperatufig (see Fig. 2 (the data are 5. CONCLUSIONS
listed in Table ). The observed increase iy,, as the tem-

perature increases, confirms the thermally activated charact?a{l
of dislocation vibrations in 11-VI crystal&

In this paper we report the first results of an experimen-
study the electrical parameters of crystals of
Cd,Hg,_,Te, using the Hall effect in the presence of dy-
4.2. EFFECT OF ULTRASOUND ON ELECTRON MOBILITY namic ultrasonic loading. We have shown that ultrasonic

We now turn to analysis of the influence of ultrasound!oading at an intensityVys=<0.5x 10 W/m* leads to an
on the functionu,(T). Recall that for CgHg, _Te crystals  increase in the effective concentration of electrons and in
in the temperature range~ 100 K, we should consider scat- their mobility. The observed effects are explained in the
tering by alloy nonuniformities and by lattice vibrations in framework of a dislocation model for acoustostimulated,
determiningu,, . ¥*%81t is clear that the process of ultra- thermally activated liberation of bound defects of donor type
sonic activation of bound donors described above is not uniand a corresponding decrease in the scattering potential at
form over the entire volume of the crystal, but rather is morealloy nonuniformities. Comparing the experimental data with
effective in regions of maximum absorption of ultrasonic theoretical calculations on the basis of the model proposed
energy, i.e., in regions with structural imperfectignsnuni- ~ here, we can estimate the characteristic parameters of the
formities). Consequently, a local ac increase in the numbeCouUstoelectric interaction, whose values can be used for pre-
of ionized donors leads to “smoothing out” of fluctuations liminary estimates of the structural quality of the original
in the nonuniformities of the potentigla change in the Semiconductor samples of (4, ,Te.
space-charge regignwhich in turn must lead to a decrease N summary, by activating some of the bound defects
in the scattering of the carriers. For a charge carrier relaxbigh-intensity sound can cause some appreciable transient
ation time determined primarily by scattering by nonunifor- changes in the electrical parameters of the material, and for
mities, the following expression is knowifi: CdHg, _,Te crystals it is actually “active.*

T= A/(mS’ZA E?), 1|, A. Karachevtseva, A. V. Lyubchenko, K. A. Myslivets, and Ya. M.
. . . . . Olikh, Ukr. Fiz. Zh.35, 468(1990.
wheremy is the effective mass\E is the scattering potential 2k A myslivets and Ya. M. Olikh, Fiz. Tverd. TeléLeningrad 32, 682
associated with nonuniformities of the solid solution, @d (1990 [Sov. Phys. Solid Statg2, 250(1990].
is a coefficient that depends on the band parameters of th(sal' V. Ostrovski, Acoustoluminescence and Defects in Crystalgher

" . . . School, Kiev, 1995 part 4, ch. 6.
crystal and composition of the solid solutithAssuming 4ya. M. Olikh and Yu. I. Shaviyuk, Fiz. Tverd. TekSt. Petersbuig3s,

that ultrasonic loading decreasA€ according to a linear 468 (1996 [Phys. Solid Stat@8, 235 (1996].
law SA. V. Lyubchenko and Ya. M. Olikh Fiz. Tverd. Teld eningrad 27,
2505(1985 [Sov. Phys. Solid Stat27, 1500(1985].
AEys=AE—1y,0us, 8V, A. Kalitenko, Ya. M. Olikh, and V. M. Perga, Ukr. Fiz. ZI23, 788
. . . (1988.
and ignoring the influence of ultrasound on other parametersy, v ojikh and R. K. Savkina, Ukr. Fiz. ZM2, 1385(1997).

entering into Eq(6), we obtain an expression for the change 8G. Nimtz, G. Bauer, and R. Dornhaus, Phys. Revi(3302(1974.

in the quantityu in an ultrasonic field: °A. I. Vlasenko, A. V. Lyubchenko, and E. A. Sal’kov, Ukr. Fiz. ZB5,
1318(1980.
Apys=(mys— mo) = (e/m)(7ysTo) 19H, R. Vydynat, J. Electrochem. Sot2§ 2609(1981).
11p. |. Baranski A. E. Belyaev, S. M. Komirenko, and N. V. Shevchenko,
= po(20ysy,/AE). (6) Fiz. Tverd. Tela(Leningrad 32, 2159(1990 [Sov. Phys. Solid Stat82,

. . . 1257(1990].
If we assume that &t= 100 K the dominant mechanism 125 | Vlasenko, A. V. Lyubchenko, and V. G. Chalaya, Fiz. Tekh. Polu-

for scattering in our samples is an alloy mechanism, then provodn.30, 377 (1996 [Sov. Phys. Semicon®0, 209 (1996)].

using Eq.(7) and the experimental data of Fig. 2 we can 18F, A. Zaitov, F. K. Isaev, and A. V. GorshkoDefect-Formation and

estimate the quantityy,u/AE The data are presented in Diffusion Processes in Certain Semiconducting Solid Solutjon®Rkus-
L . | sian, Azerneshr, Baki{1984, p. 81.

_Tab|e I Itis mterestmg to estimate the valueAdE. ASSl.Jm' 143, P. Hirth and J. Loth& heory of Dislocation$McGraw-Hill, New York,

ing thaty,,~ v,, we find thatAE~ 0.1 eV. For comparison, = 1967 [Russ. transl. Atomizdat, Moscow, 1972h. 16.

we note that the “zero-order” approximation in the theory of Byu. A Osip'yan and V. F. Petrenko, iRhysics of VI Compoundgin

alloy scattering makes use of the difference in band—gapsguzsgz?{oﬁggE;ygﬁgoé‘(lsfsgég' gi'ys RES, 5676(1975

widths of the alloy component§. 178, p. Koman, Ukr. Fiz. Zh32, 908 (1987).
Since uy is determined by several electron scattering®Ya. M. Olikh, Abstracts from the Proceedings 12th All- Union Conf. on

mechanisms in C;{H'lglfxTe an ac decrease in the contribu- the Physics of Semiconductpk§ev, 1990[in Russiar, Naukova Dumka,
. : i » . Kiev (1 2, p. 87.

tion of scattering by nonuniformities should lead to an in- lev (1990, part 2, p. 8

creased role for other scattering mechanisms, which mightranslated by Frank J. Crowne
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An electrostatic model is derived for the dependence of the thermal ionization energy of
hydrogenic impuritie€, on their concentratiol and degree of compensatiéh with allowance

for the screening of ions by electrofisoleg that hop from impurity to impurity. It is

shown that the change B, with increasingN andK is connected with broadening of the impurity
band and its shift toward the valence)(band for acceptors and toward the conduction

band(c) for donors. The shift in the impurity band is explained by a decrease in the affinity energy
of an ionized acceptor for a holer a donor for an electrgrdue to screening of the ions.

The impurity ion distribution density over the crystal is assumed to be Poisson-like, while its
energy distribution is normal. The electron densities of states im {fend c-bands are

assumed to be those of the undoped crystal for the temperature interval in Eyhigtletermined.

The values ofE;(N,K) calculated using the expressions given here coincide with known
experimental data for transmutation- doped Ge crystals. A description is given of the dependence
on N andK of the thermal ionization energy of Zn atomspftype Ge as they change from

a charge staté—1) to (—2). © 1999 American Institute of Physids$51063-7829)00704-§

1. For definiteness let us assume the crystalline semicorkgT is the thermal energyEr>0 is the Fermi level mea-
ductor isp-type, which containg=N_,—KN holes per unit  sured from the top of the-band of an undoped crystat,q
volume, N=Ny+N_; acceptors in charge statés1) and s the effective mass of the hole density of states, farisl
(0), andKN donors. Here and in what follows denotes the  pPlanck’s constant.
concentration of majority-carrier doping impurities, akds Here we note that for a nondegenerate semiconductor at
their degree of compensation. low temperatures the average thermal wavelength of the hole

The thermal ionization enerdy;, equals the energy re- in thev-band,7#/y3mygkgT, is much larger than the aver-
quired to detach a hole from a hydrogenic acceptor due t@ge radius of the region assigned to a single point charged
thermal fluctuations at the given temperature. Ordinarily, theyarticle (3/87N_,)*3. The hole, in fact, does not “feel” the
value ofE,, is determined by analyzing the temperature depotential well of the “immobile” ionized impuritied,so that
pendence of the Hall concentration of holas as they are the tail of the density of states of theband can be ignored,
ejected into the valencev] band from the acceptors. In this and the expression fqr is applicable.
case it is assumed that in a strong magnetic field the follow-  |n order to describe the dependenceEgf, on N andK,
ing proportionality relations are correct for a three-we developed the methods of Refs. 3—7, which allow a com-

dimensional hole gas: parison with experimental datayhen the width of the im-
purity band is much largéror much smallétthan the ther-
e _ap Eia mal energy.
pT “ocpyT o exg — ke, The goal of this paper is to derive an electrostatic model

for the dependence of the thermal ionization energy of an
impurity on its concentration and compensation for arbitrary

In this case the thermaHall) ionization energy of the ac- relations between the width of the impurity band and the

ceptors is ) ) )
thermal energy in crystalline semiconductors.
_a 2. The Fermi levelEg and alsodEg/dT are required in
Eia=—kgd IN(pT™*?)/d(1/T)>kgT, @ order to calculate the ionization enerBy, according to Eq.
(1). These quantities are found from the equation of electrical
where neutrality (we disregard the excited states of neutral and ion-
ized acceptors
_ o[ 2™ MpokeT N BE ) k(1= KON - E.
p= W ex T kgT (1-K)N; Nfl_Nf,w 0af _1d(E;—Ez) =p+KN, 2

1063-7826/99/33(4)/5/$15.00 402 © 1999 American Institute of Physics
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whereg,=(V27W,) ~texp(—(E,—Ex)%2W?) is the normal —e@¢(r)/A? and total charge+e) among themselves is
density of the distribution of acceptor energy levels;;  e?/16we(\+1). The total electrostatic energy of the system
=1—fo=(1+ exp(Ea—Er)/ksT)) ' is the probability that  (ijon plus screening clovd is 3e%/16me(\ +1). According

an acceptor with energy level,> 0 relative to the top of the to the data of Refs. 9 and 10, the difference between the
v-band is ionizeds is a degeneracy fact@B=4 for atoms  average energy of an ionized accepwith the charge cloud

of Ga in Gg; W, is the effective width of the acceptor-band; that screens ME_,;=1_,—3e%16me(\+1) and the energy

andE,>0 is the difference of acceptor energies in chargesf 5 neutral acceptoE,~1, determines the position of the

states(—1) and(0) averaged over the crystal. center of the acceptor band relative to the top ofttHeand:
Let us compute the dependence of the acceptor band
parameterd®V, andE, on the concentration of doping impu- 3ed

rities and degree of compensation. Ea=E-1=Eo=la— 16me(A+1)’ ©
The mean-square fluctuatioi, of the potential energy

of an ion with chargee taking into account a pure Coulomb wherel,=1_;—1,>0 is the energy level of an isolated ac-

interaction only with the nearest point defete is®*° ceptor.
. In calculating the shift of the center of the acceptor band
wW2=> f pz,uiz,dr, (3  E, toward thev-band based on E¢6), we assume that the
2 /0 change in the energy of a charged acceptor due to interaction
where with its surroundings is much larger than the change in en-
ergy of the neutral acceptor. In fact, based on estimates from
P,.dr=4mr2C, exyg — (4m/3)r? E c, |dr Refs. 15 and 16, the polarization shift of the energy level of
;120 the ground state of a neutral acceptor, when it is screened by

a degenerate gas of holes from théand (whenl<\) is
lo—Eo~1.2(@4/\)*,, wherea,=€%8mel, is the Bohr
radius for localizing a hole at an isolated acceptor. Since for
a nondegenerate semiconduciora,, we haveIO—Eo

is the Poisson probability that the point chaaje located at
a distance fronn to r + dr is the closest charge to iawith
chargeze, X,/ .oC, is the concentration of all the charged
particles,u,, (r)=zz e€?/4mer is the Coulomb energy of in- k.
teraction of two nearest charges, and ¢,¢ is the dielec- <l_1—E_.

tric constant of the crystal lattice. The potential energy of an  Here we note that, according to E¢f), the quantity

ion with chargeze averaged over the crystal is | .— E4 is the decrease in the affinity energy of holes in the
. v-band for a negatively charged acceptor due to its screening

U,=> f P,u,,dr=0. by other charges. In thermodynamic equilibrium the affinity
PR energy of a hole for a negatively charged acceptor averaged

over the crystal equals the ionization energy of the neutral
acceptor.
Let us show for the example of nondegenerate Ge : Ga

e? (8w 13 that in the temperature range wh is determined a
W,= \/W02+W71=W1~1.64m(?N1) N P ge wheli

From Eq.(3) we find the mean-square fluctuation of ac-
ceptor energy levels

negatively charged Ga atom, prior to capturing a hole from
. . 14 the v-band, surrounds itself by a cloud of screening charge.
In the framework of linear screening thedry:"we as- From experimental data for Ge : GRefs. 17 and 1Bwe
sume that the shift of the middle of the acceptor-b&)d can determine the temperattfg at which the electrical con-
toward thev-band is caused by the correlation interactionqyctivity by holes in thev-band o, equals the conductivity
between negatively charged, mobile states of the immobilg;, for hopping between Ga atoms. Forx20M<N<?2

acceptors, i.e., holes migrating by hopping from acceptor toc 10'6cm~3, whenK~0.35, the following approximations
acceptor, and positively charged donors and holes in thgre valid: T, =5.3x 107 *N°2? where T}, is in K, N is in

v-band. _ _ cm™3, and the width of the acceptor baid,=4kgTy,. In a
Each negatively charged acceptor is surrounded by gample withN=2.3x 10"*cm™2 for K = 0.35 at a tempera-
cloud (spherically symmetric on the averags charges that  tyre T, =7.45 K, when the electrical conductivity is,+ o,
screen it, so that the total electrical potential ¢g(r) =20,~2X 1060 1.cm™! (Ref. 17, the Maxwell relax-
= —[e/4mer(1+1/\) Jex —(r—1)/A], V\ique for p<K(1  ation time 7¢=¢/(op+ay)~7%x10 s (s,=15.4 for un-
—K)N the quantityl ~0.554(N(1+K)) " determines the doped Ge; see Ref. 19The lifetime of an acceptor in a
minimum approach between ionized impuritigaking into  pegatively charged state_;=1/pSv is determined by the
account hopping of holes from acceptor to acceptand\  concentration of holeg in the v-band, their capture cross

is the screening length section S, and the average thermal velocity=(8kgT/
L [N, ap| €N, : :mplc v2 ;/vh(i_re_{np(:;?_z_gw;o‘li; It(hteheffectizle mass for eltsc-
=\ T8 & OB (5 rical conductivity. h=7. e capture cross section

of a hole from thev-band by a negatively charged Ga atom
The energy of interaction of an acceptor in charge statén germaniumS~7x10 ¥cm 2 (Ref. 20. For N=2.3

(—1) with the cloud screening it equatse?/4ms (N +1);the X 10®cm™3 the experimental value of the Hall constant

interaction energy of charges in the clowith bulk density  (R,05+Ra07)/(op+ o) ?~R,/4~7x 1P cnP/Cl,  where
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for o= o the Hall constant for holes that hop from accep-
tor to acceptor satisfies the conditi®y<R,. At T=T, the
concentration of holes in the-band isp(T,)=1/eR,~2.2
X 10°cm 3. We then haver_,;~2x10"“s, which is con-
siderably larger than the time for setting up the screeming
It is clear that the relatiom_ ;> 74 is also preserved for other
N whenK= const, sincergxr_,1/p.

Using (2) and (6), we obtain from Eq(1) the thermal
ionization energy of an acceptddisregarding the fluctua-
tions or the shift of the top of the-band in the form

dIn(pT %) _ 3e?
1a= — BW:Ea+Fa:|a_m+ra!
(7
where
+ oo _ _
| et fodEE
r,= — —
f_w gaf—lde(Ea_Ea)
eZ 8 1/3
Wazl.em(?KN) ;
A 2= e NJMg f_,fod(E,—Ep);
SkBT i a'-1'0 a a’s

|=0.554(1+K)N] 3.

At low temperatures\/,>kgT) it follows from Eq.(7)
that

Eiq=Ea+,=Ef—kgT In 3, (8)

Poklonskil et al.

FIG. 1. Dependence of the dimensionless functiepandF ., on the degree
of compensation of the majority-carrier doping impurityand?2 are calcu-
lations of F, andF., based on Eqq9) and(11); 3 is F, from the model of
Ref. 3;4 is F., from Ref. 4.

where
_, €°K(1-K)N
ekgT
For A>I| we have from Eq(10)
e3N2
la— la:WFm(K), (1)

where F_,(K)=1.5/K(1—-K). The model of Ref. 4 gives
F..(K)=(K+3)JK(1-K).

where the screening length and Fermi level are determined "5’ Figure 1 shows the dependencesFgfandF., on the

from the relations

, € N (Ef—E,—kgT In )2
AN f=— exp — > ;
€ \2mW, 2Wy
Er—E,—kgT In
2K=1+efrf F a_ B A =1+efrf 2 )
V2w, V2w,

We note thaf,= E,:—Ea in the limit T—0 K.
SinceW,(KN)¥3 we have from Eq(8) the relation

eZN 1/3

la— Elfmfzo(K), 9

whereFo(K)—0 asK—0. In the model of Ref. F(K) is

degree of compensation, calculated using E@$—(11),
which are compared with the electrostatic models of Refs. 3
and 4.

Figure 2 shows the change in thermal ionization energy
(I,—E4,) of Ga atoms as their concentratibhincreases as
a result of neutron transmutatig@a) doping of crystals with
a natural component of isotopes. The experimental values of
the degree of compensation wefe= 0.31, 0.35(Ref. 17;
K=~ 0.4 (Ref. 18; andK~ 0.27, 0.36, and 0.48Ref. 2]).
SinceW,=4kgT,, (see the discussion abgyé,—E;, was
calculated using Eq8) and settingl ,= 11.32 meV(Refs.
22 and 23 andK= 0.35. ForW,>kgT whenK= 0.35 we
have from Eq(8) thatl,— E;,~1.47’NY%¥/47¢, in reason-
ably good agreement with the value calculated according to

represented in the form of a table determined by equating ththe model of Ref. 3.

threshold energy for charge flogmobility) of holes in the
v-band and the Fermi levél: .
At high temperatureskgT>W,) we find from Eq.(7)

thatl' ,<kgT, and the thermal ionization energy of an accep-

tor E,, coincides with the average energy level of an accep

tor E, (the energy distance between the top of thband
and the center of the acceptor bgnd

3¢e?

F1a=Ea=la™ 16me(N+1)’

(10

Figure 3 shows the dependence of the thermal ionization
energy of As atoms on the dode of thermal neutrons irra-
diating a crystal of-type Ge enriched with the isotoff&e
(Ref. 24. The equation of electrical neutrality has the form
n+KN=N,,, whereN=Ny+N,; andK~ 0.8. Following
Ref. 25, we assume that for a dode=10"¥cm?2 the con-
centration of electrons in the-band isn=(1-K)N~8
x 10'%%cm 2 at T= 300K. The energy level of an isolated
As atom in germanium isy= 14.18 meV(Refs. 22 and 283
The thermal ionization energy calculated according to Eq.
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FIG. 2. Calculation based on E) of the change in the thermal ionization

energyl ,— E,, of Ga atoms in Ge versus their concentratidfor a degree
of compensationK= 0.35 when W ;>kgT. Experimental data: ak

=0.31, 0.35(Ref. 19; b—K=0.4 (Ref. 18; ¢—K=0.27, 0.36, 0.43
(Ref. 21). The energy level of an isolated gallium atoml js= 11.32 meV
(see Refs. 22 and 23

(7) for donors is E;q=—kgd IN(NT"¥3)/d(1/T)=E4+Ty
whenn<K(1-K)N and Wy=W, ;>KkgT, which is larger
than the experimental valiégcurve 1).
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cording to Eq.(8), the quantityl'y= — (Eq+ Eg+kgT In 2)
is determined from the equation of electrical neutrality 2
=1+erf('y/\2W,), whereE4>0 andE;<0 are measured

from the bottom of the-band:
Eg=| e
a7 16me(N+1)’
e? N,
e OEg

-2

__¥Nd f g4d(Eq—Eq)
" & JEp) . 1+2 exd(Eq+Eg)/kgT]

For comparison, Fig. 3 shows values of the thermal ion-
ization energyE 4 calculated using the model of Ref. 3 figr
= 0.79 (the difference between the threshold energy for
transport andEg ; curve 3) and|Eg+E4| (curve4).

4. Let us consider the dependence of the thermal ioniza-
tion energy of Zn atoms ip-type Ge, where the hole con-
centrationp in thev-band is determined by transitions of Zn
from charge staté—1) to charge staté—2) through the cap-
ture of an electron from the-band?’ Let the concentration
of Zn atoms equaN=N_;+ N_,; the concentration of sin-
gly ionized positive donors iIKN, where <K< 2. The the
equation of electrical neutralitp™ + KN=N_;+2N_,=N

It seems that when the degree of compensation is high-N_, then has the form

and Wy>kgT, the measured electrical conductivityr(
+op) and Hall constant R.o2+ Ryoy,)?/ (on+ op)? are

determineé® by thermally excited electrons at the center of

the donor band «,,Ry) and by electrons in the-band
(on,Re)- In this case, whem<K(1—K)N and W4>K,T,
the thermal(Hall) ionization energy of As correspondsiig

+o _
N—2=Nf_ gt f2d(Ei—E)=p+(K-1)N, (12

where g,= (y27W,) ! exp(—(Et—Et)Z/ZWf); the probabil-
ity that a Zn atom is in the charge state2) is f_,=1

(the difference between the energy of the center of the donor f-1=[1+4 exp(€—Er)/ksT)]; and the zinc energy

band and the Fermi level &— 0 K) (Fig. 3, curve2). Ac-

-2/3

@07, em

FIG. 3. Experimental dependen¢see Ref. 2} of the thermal ionization

levels E;>0 andE>0 are measured from the top of the
v-band.

According to Eq.(3), the variance of fluctuations in the
energy level of a Zn atom when it makes transitions from
charge stateé—1) to (—2) for p<KN is

W= VW2, + W2 = \BW_,

2675 (AT N1k
TS 4me\ 3 ( )

1/3 1/2

1+K

(13

The average value of the energy level, i.e., the difference
between energies of Zn atoms in charge stdte$) and
(—2), is [compare Eq(6)]

_ 9e?

CE Bl ey (19

whenE_,=1_,—12e%/16mwe(\+1), E_;=1_,—3e%/16ms
X(N+1), I,=1_,—1_,~ 86.5 meV is the energy level of an
isolated Zn atom in charge state 1) in p-type Ge(Ref. 23,

energyE,4 of an As atom on the dose of thermal neutrons for samples of| = 0, 554 N(1+ K)]—l/3’ and the screening Iendfhis
n-type Ge with varying isotopic compositions and the degree of compensa-

tion K= 0.79.1,2—calculation ofE,y andI'y based on our modeB,4—

calculation ofE, 4 and|Ex+ E4| based on the model of Ref. 3. The energy

level for an isolated As atom in germaniuml js= 14.18 meV(see Refs. 22
and 23.

e’N [+ _
me_w g foo f1d(Ei—Ey).

(15

|2 e? oN_,
- & (9E|:
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Note thatl _,—E_, is the decrease in affinity energy of

a hole for a Zn atom in charge stdte2) due to its screening
by the distributed charget(2e).

Upon determinind=g anddEg/d T, from Eq.(12) based
on Eq. (1), whenp<(2—K)(K—1)N, we find the thermal
ionization energy of a negatively charged Zn iongitype
Ge:

dIn(pT 33 _
Eltz_kBWZEt—’—rt! (16)
where
+ oo — J—
| EEpet it 0EE
Iy

e _
[ ot it 0EE

A calculation based on E@16), with allowance for Egs.
(12)—(15), for 5X 10**<N<5%x10*%cm 23, K~ 1.3, andT
~ 100 K, givesE;;<I,, which agrees with experimefi.
For example, whei=3x 10'%cm 3, the thermal ionization
energy E;;~ 65 meV. ForK~ 1.5 andT~ 150 K, the
measured quantiti,;~1, is nearly independent of the con-
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In this paper the photoluminescen@l.) of holmium-doped silicon is discussed. The silicon was
first implanted with holmium ions at energies of 1-2 MeV and doses>o1@3—3

X 10 cm™2, and then annealed at temperatures of 620—900 °C for 0.5—1 h. In order to increase
the concentration of electrically and optically active centers, the silicon was implanted a

second time with oxygen ions at energies of 0.14-0.29 MeV and dosesxdD'{—3

x 10'cm™2. Several photoluminescence lines, which are attributable to the transitions

of electrons from the first excited state of the¥idon (°I;) to the ground state’(g), were

observed. The amplitudes of the most intense lines, which correspond to transitions at frequencies
5119 and 5103 cm', decreased by more than an order of magnitude in the temperature

range 4.2—78 K. The PL intensity of the holmium ions increased with increasing concentrations
of the implanted rare-earth ions and oxygen. 1899 American Institute of Physics.
[S1063-78282900804-2

Silicon doped with rare-earth elements has continued teare-earth element and is proportional to the implantation
attract interest as a promising material for optoelectronics. Itslose; b each rare-earth element enters into the composition
fundamental advantage derives from the fact that electroniof two donor centers with discrete ionization energies near
transitions of the interndtshell of the rare-earth element are ~E.— 70 meV and~E.— 140 meV; in this case the ion-
accompanied by light emission with a temperature-ization energy of the donors increases with increasing
independent emission frequency and very small spectral linatomic-number position of the rare-earth element in the
width.! Conferences at which the properties of semiconduc{Mendeleev’s periodic table. The properties of the structural
tors doped with rare-earth ions are discussed are held almodéefects and the distinctive features of the so-called disloca-
yearly?~*Most current interest centers on erbium impurities, tion luminescence associated with their presence are also in-
because the emission of this particular rare-earth atom at sensitive to whether Ho, Dy, or Er is incorporated into the
wavelength of 1.54:m can be used in fiber-optic communi- silicon.”® This weak dependence of the structural and elec-
cation lines. At this time, the motivation for doping silicon trical properties of silicon on the type of rare-earth element
with other rare-earth elements is primarily to identify pat-introduced is a consequence of the almost identical geomet-
terns of behavior in the rare-earth incorporation processgic sizes of these elements and electronic structures of their
which can lead either to structural defects or electrically acouter s- and p-shells. The fundamental difference between
tive centers. Aleksandrost al.,’ for example, were the first rare-earth elements is in the structure of thefrshells,
to report that inclusion of Ho and Dy impurities leads to thewhich also determines the optical and magnetic properties of
formation of donor centers, and that the concentration othe material. As far as we know, there have been to date no
these centers increases with increasing oxygen content eithivestigations of these properties in silicon doped with hol-
in the original material or one implanted later. They foundmium (Si: Ho). Our goal in this study was to investigate the
that implantation of the rare-earth elements Ho, Dy, Er, andptical properties of Si: Ho obtained by ion implantation.

Yb followed by annealing leads to formation of oxygen- lons of holmium were implanted into samples of
containing thermal donors and donor centers in the band gapzochralski-grown silicon, i.e.Cz-Si (100}, with n- and

of silicon, which incorporate the rare-earth eleméngsd  p-type conductivities, at energiés,,= 1.0, 1.6, and 2.0
that: g the concentration of oxygen-containing shallow ther-MeV and dose®,,=1x 10", 1x10* and 3x 10*cm™ 2.

mal donors, whose ionization energies are distributed in th&ome samples were implanted a second time with oxygen at
range E.— (20—40 meV, does not depend on the type of energiesEg chosen in such a way that the projected ranges

1063-7826/99/33(4)/3/$15.00 407 © 1999 American Institute of Physics
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FIG. 1. PL spectrum of Si: Ho: O at 4.2 K after implantation of holmium F|G. 2. PL spectrum of Si: Ho: O at 4.2 K after implantation of holmium
and oxygen with energie, ;= 1 MeV andEqo= 0.14 MeV at doses  and oxygen with energieEy,= 1 MeV and Eq= 0.14 MeV at doses
Dio=1x10cm"? and Do=1x10"cm™?, respectively. The resolution  p,, =1x10"cm 2 and Do=1x 10!cm™2, respectively. The resolution
of the spectrum was 10 cm. of the spectrum was 1 cml.

of ions of both types were the same, and at dog®s) (an After implantation of a dos®,=1x 10"3cm™2 of hol-
order of magnitude higher than the holmium dose. Samplemiun atoms followed by annealing, no PL lines associated
implanted with non-amorphizing doses of holmiu®{, with 4f-transitions of electrons in the rare-earth element
=1x10"cm 2) were annealed at a temperature of 900 °Cwere observed. However, in samples subjected to a second
for half an hour. Amorphized layerd(,,=1x 10'*cm™?) implant with oxygen the PL signal of the Fib ion appeared
were annealed twice, one at 620 °C for 1 hour, the other &t liquid-helium temperaturggig. 1). The most intense lines
900 °C for 0.5 hour. The first anneal leads to crystallizatiorwere observed at frequencies of 5119 and 5103 crithis
of the amorphous layer via the mechanism of solid-phasgair of lines is due to splitting of the holmium terris, and
epitaxy, while the second anneal creates the optically anélg in the crystal field of the silicon host. Clearly, oxygen
electrically active centers that contain the rare-eartions are capable of forming optically active holmium-
elements. containing centers, and may enter into the composition of
In order to photoexcite the silicon we used cw emissionthese centers. Note that these lines, which are the dominant
from a krypton laseftwith wavelengtth= 647 nm at power lines of the transitionsl,—°l3 of Ho®>" ions, are shifted
levels of up to 300 mW. The excitation liglivhose power towards shorter wavelengths in the semiconductor material
level at the input to the cryostat was usually 50—-80 Jri8Y compared to the position of the dominant lines in
transmitted through an opening in a mirror that focuses thénsulators'°
secondary illumination normal to the surface from the im- Increasing the implantation dose of holmium and oxygen
planted side of the layer. The optical power was monitorecby an order of magnitude leads to the appearance of addi-
using a IMO-4C photoelectric power detector. The relativetional lines and a considerable increase in the PL intensity of
change in power did not exceed 10% at the time the speddo®* ions at 4.2 K (Fig. 2. However, the 5119 and
trum was recorde¢<15 min). The samples were placed in a 5103-cm  lines continue to dominate the spectrum. Further
liquid-helium bath of an optical cryostat with quartz win- increasing the implantation dosesig,,=3x 10**cm™2 and
dows in order to input and output the light. The reflected andD o=3Xx 10"°cm™ 2 decreases the intensity of the HoPL
scattered light ah= 647 nm was attenuated by an optical somewhat, which probably is attributable to the appearance
filter at the input to the spectrometer. The photoluminescencef additional nonradiative recombination channels.
(PL) spectra were recorded with a resolution of up to 0.5 Inthe PL spectrum at 4.2 K, in addition to the holmium
cm™ ! by a “Bomem- DA3” vacuum Fourier spectrometer in lines, we see lines of excitons bound at the centers doped by
the range 3000-12 000 ¢rh with a quartz beam divider in boron and phosphorus impurities. The intensity of these
the interferometer and an InSb detediwith a detectivity no  bound exciton lines is roughly an order of magnitude smaller
less than & 10" cm-HzY?xW™! at an operating tempera- than the intensity of the lines from the Efoions. When the
ture of 78 K and a cold filter temperature is increased from 4.2 to 78 K, a considerable
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decrease is observéby more than an order of magnituda IN. A. Sobolev, Fiz. Tekh. Poluprovodg9, 1153(1995 [Semiconductors
the intensity of the luminescence with no change in the po- 29 595(1995].
sitions of the most intense lines at 5119 and 5103 krithe MRS Symp. Proceedingt22 (1996.
observed temperature quenching of PL from3Hdn the MRS Symp. Proceeding$86 (1998 .

_ .. J. Luminesc(1999 [Proceedings European MRS Spring Meet{&gras-
spectral range near 5100 chupon raising the temperature bourg, 1998,
is accompanied by the disappearance of the exciton linesq 'Neksandro\,, A. O. Zakharin, N. A. Sobolev, E. I. Shek, M. I.
bound at the silicon impurities and by the appearance of the makoviichuk, and E. O. Parshin, Fiz. Tekh. Poluprovo@s.1029(1998
dominant free-exciton peak. [Semiconductor82 , 921 (1998].

In summary, we have observed PL in silicon associated’V. V. Emtsev, V. V. Emtsev Jr.,, D. S. Poloskin, E. I. Shek, and N. A.
with transitions of electrons from the first excited state to the Sobolev. J. Luminesd1999 (in press. }
ground state of HY" ions, i.e.51;,—51g. Increasing the con- V- - Vdovin, T. G. Yugova, N. A. Sobolev, E. 1. Shek, M. 1. Makovij-

. . . . chuk, and E. O. Parshin, Nucl. Instrum. Methods Phys. Re$4B 116
centration of implanted holmium ions and oxygen leads to an 1999,
increase in the PL intensity. In the range of temperaturessy a sobolev, E. I. Shek, A. M. Emelyanov, V. I. Vdovin, and T. G.
4.2-78 K we observed rather strong temperature quenchingyugova, Fiz. Tekh. Poluprovodi3 (1999 [Semiconductor83 (1999]
of the holmium PL intensity. (in press.
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The possibility of negative differential resistance, which appears in symmetric thin-film metal-
semiconductor-metal structures, is discussed. A model, which can explain to first
approximation why generation-recombination processes that take place in the bulk of this sample
during bipolar injection should lead to bistability, is proposed. It is shown that the design

and use of these negative differential resistance structures could lead to promising new devices
for detecting and processing information. I®99 American Institute of Physics.
[S1063-78282900904-1

The symmetric thin-film metal-semiconductor-metal assume that the conductivity of the film is close to intrinsic,
structureqwith film thicknesses<1 um) exhibit a region of  and that its thickness is less than the Debye screening length
negative differential conductivity.Since the thickness of and the diffusion length for charge carrigwse ignore the
such films is comparable to the diffusion length of injecteddiffusion processgs We also assume that at high electric
carriers, it is reasonable to assume that their effective carridields double injection takes place and multiplication of both
concentrations could be controlled by recombinationelectrons and holes is possible.
processeé? Disregarding the concentration of intrinsic charge carri-

The goal of our study was to evaluate this possibility.ers compared to the injected charge, we can write the follow-
Figure 1 shows a sketch of the structure under consideratioimg equations for the structure as a whole:
whigh will be used in subsequent cg!culations. In f[his sketgh N'=Yn+Y,p—T,n(N—ny),
we include only two types of transitions: generation transi-
tions Y4, Y, (which stimulate the instabilifyand recombi- p'=YN+Yop—T,pn,
nation transitiond’,;, T, (which ensure that dynamic equi-
librium is established

Our problem is to determine whether it is possible forwheren, n,, and p are concentrations of electrons in the
bistability to appear, and to estimate the dependence of theonduction band, electrons at trapping levels, and holes in
threshold voltagécorresponding to the breakdown pgioh  the valence band, respectively:, p’, andn; are their de-
the generation-recombination parameters of the structure. Tidvatives with respect to timeY,; and Y, are voltage-
address it, we make several simplifying assumptions. Let udependent parameters that characterize the multiplication of
injected charge carriersl,;; and T,, are parameters that
characterize the interaction of recombination levels with the
conduction and valence bands, respectively; ahds the
concentration of trapping centers. The condition for electri-
cal neutrality isn;+n—p=0.

Using Eqg.(1) with n{ =0, we find the following relation
between the steady-state concentrations of trapped and free
carriers:

ni=p’—n’, 1)

~ TuNn
nt_Trer'Ter .

@

Using Eq.(2) and the first two equations frofd), we obtain

T an++\a’—4Y,Y,T,,T
r2 Sbbz p= \/ 172'r1 r2, 3)
2TrlTrZ

2

o . o wherea=T, T oNi—4YY,T T
FIG. 1. Schematic diagram used to simulate the appearance of bistability. Equation(1) and the condition for electrical neutrality of

Y, andY, are generation rates of electrons and holes in the semiconductor q . . y

T,, and T,, are capture coefficients for electrons and holes by trappingth€ Sample can then be used to find the concentrations of free

levels, andey,; and ¢, are the heights of the contact barriers. charge carriers and trapped electrons.

1063-7826/99/33(4)/2/$15.00 410 © 1999 American Institute of Physics
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100+ 4 Eod
Up= — : (7)
- IN[47m* (KT)/h>T,Nd]— ¢, /KT
:,550 - 3 Figure 2 shows the dependence of the threshold voltage
= /,__/2 Uy, on the concentration of trapping centers for various film
7 thicknessedl. It is clear that the threshold voltage increases
0 im T L smoothly with increasing concentration of trapping centers;
10" 10 0" 107 however, this dependence is weak.
Nt,cm_s This discussion allows us to conclude that when carrier

multiplication is possible, bipolar injection into thin semi-
FIG. 2 Dependence of the threshgld vc_)ltaggg on the concentration of  conductor |ayers can lead to a dynamic phase tranﬁtinn,
tlr?gp'”gz,czmerf‘éor_tgi fl%'s'o\‘;vl'”g film thicknesses, um: 1—0.5:2— \yhich the threshold voltage is controlled by generation-
13— 2;4—4.Ex= cm, T,;=T,,=10"8 cm’/s. L ) .
recombination parameters of the film. For small thicknesses
this voltage is comparable to the value of the operating volt-
The system has a stable high-resistance state at zesge of semiconductor devices, which makes it possible to use
charge carrier concentration. From E8) it is clear that the structures of this type as devices for recording and process-
threshold condition for a transition from an unstable to aing information. The response time is determined by the time
stable state occurs when for accumulation of charge at the trapping centers; for de-
_ vices with sizes of about 0.Am we estimate this time to be
a’=4Y,Y,Ti1 T, =0. @ about 10°° s, which makes thin-film structures with negative
Let us assume thalt,,=T,,=T, andY,=Y,;=Y. Then Eq. differential resistance of the generation-recombination type
(4) implies that the condition for breakdown of a structure promising.
with areaS and thicknessl can be written

TN dS=4Y. (5 R
LE. N. Voronkov and V. V. KolobaevGurrent Instability in Thin Films of
Taking into account injection from the contacts and ig- Cadmium Telluride. Noise and Degradation Processes in Semiconductor

noring the intrinsic concentrations, we can write the follow- (Dlz‘g%esp["‘zo'zussmﬂ' Publ. of the A. S. Popov MNTORES, Moscow
ing expression for the generation of carriers in the sample: 2, S'taf.eev, Fiz. Tverd. Telé eningrad 1, 841(1959 [Sov. Phys. Solid

Statel, 763(1959].
* 2
y= 4Smm (kT) o ff’b/kTe_EO/E (6) 3M. Lampert and P. MarkCurrent Injection in Solid§Academic Press,

- h3 New York, 1970; Mir, Moscow, 1978
4E. Sholl, Self-Organization in Semiconductors. Nonequilibrium Phase
(where ¢y, is the height of the contact barrjeFrom Eqs(5) Transis‘ti'\c;Ir_ls |’\r/1I Semicozggitors Caused by Generation-Recombination Pro-
and (6) we can determine the threshold value for the break- “SSe¥M!" MOSCOW, 1553

down voltage: Translated by Frank J. Crowne



SEMICONDUCTORS VOLUME 33, NUMBER 4 APRIL 1999

Oscillations in the induced photopleochroism of In (Au)/Si thin-film structures
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The fabrication of photosensitive (lu)/Si barrier-contact structures is described and the
photoelectric behavior of these structures upon exposure to linearly polarized light incident
obliquely on the barrier-contact side is investigated. Oscillations are observed in the

spectral dependences of the photoconversion quantum efficiency and induced photopleochroism.
The oscillations are explained by interference of the linearly polarized light in the thin

silicon films. © 1999 American Institute of PhysidS1063-782809)01004-3

It is known that the induced photopleochroisfy of  duced a photovoltaic effect, for which the barrier contacts
surface-barrier structures based on cubic semiconductors rerere charged positive relative to the substrate, which corre-
mains practically unchanged over the entire photosensitivityates with the forward bias direction. For the best structures
range, and that its value is controlled by the refractive indexhe voltage photosensitivity reached 20-30 V/WrTat 300
of the semiconductor and the angle of incidet®eon the K and dominated when the structures were illuminated on
receiving plane of these structurés.It was recently estab- the barrier-contact side.
lished that interference conditions for linearly polarized light ~ Spectral dependences of the relative photoconversion
at the input window of a heterojunction between porous andjuantum efficiencyn in natural light for typical In/Si and
crystalline phases of Si can lead to oscillations in the inducedwu/Si structures are shown in Fig. 2. In these structures the
photopleochroisni.In this paper we report a first attempt to long-wavelength edge fon is determined by absorption in
observe these oscillations in the spectral dependence of pheilicon; extrapolating the product of the short-circuit photo-
topleochroism for surface-barrier structures created by desurrent and the photon energyiw)*? ast.w— 0, gives the
positing metals on thin single-crystal films of silicon. cutoff energyEy,= 1.08 eV(Fig. 2, curve2’), which agrees

1. Single-crystal films of Si with thickness= 0.6— 0.8
pum were deposited on sapphire plates by a gas-phase
method. Under transillumination, the layers of Si were a uni-
form dark-yellow color and adhered strongly to the sub-
strates we used. The spectra of optical transmission and pho- 1.0 264 282
toconductivityi , of these Si layers usually contained clearly " o i /'/\-

.1 E . eV v
marked oscillations in the spectral range 1.2 —2.5 eV, caused »‘ 205 {\ .
by interference of the incident lighiFig. 1). The obvious /\ l \’
interference pattern attests to the high quality of the film. LAY
Estimating its thickness from the position of successive pho-
toconductivity maxima using the known index of refraction
of silicor® gives film thicknesses corresponding to measured
values. !

2. The surface-barrier structures were made by vacuum ./\-\ /
thermal sputtering of layers of Au and In with thicknesses of |~
0.5-1 um on the surface of the Si films, which were only ; 150/
degreased between growth and deposition of the metals. The / X1 S
areas of the prepared (fu)/Si structures were- 1 cnr. /’ .

The resulting structures were excellent rectifiers, with 0 A L | i
the forward-bias direction corresponding to positive polarity 0 20 30
of the external bias on the barrier contact. The residual re- hw,ev

sistance of these_ structures was in th? ramyg= 10° FIG. 1. Spectral dependence of the steady-state photoconductivity of Si
— 10 Q. llumination of the In/Si and Au/Si structures pro- fims atT= 300 K in natural light.

ipe» GTH. uNits
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FIG. 2. Spectral dependence of the relative photoconversion quantum effi-
ciency of an In/Si structurél) and an Au/Si structuré2,2') atT= 300 K in
natural light(illumination along the normal from the barrier sjde ] 1 | J
2.0 3.0
he,eV

with the known band gap of crystalline silicrit is clear  fig. 3. Spectral dependence of the relative quantum efficiéheg) and
from Fig. 2 that in both types of structures an increasein polarization difference4) of the photoconversion quantum efficiency in an

deeper into the region of fundamental absorption of the Sfl_e)*o  2—6=507.
film, and that the photosensitivity falls off appreciably only

above 3 eV. '_I'he spectral depe.nder.lce;ciﬁr our structures. tral dependence of the photosensitivity, and that the relative
attests to their rather high quality with regard to suppression

of recombination of nonequilibrium electron-hole pairs at thedlsplacement of these functions along the ordinate increases

semiconductor surface. It is characteristic that the photoser\{y'th increasing®. The induced photopleochroism is usually

o . ; . used to characteristize the effect of polarization on the pho-
sitivity spectray clearly exhibit 12 maxima, independent of tosensitivity of structured:
the nature of the barrier metéh or Au), which corresponds )
to the photoconductivity spectrum of the Si filfig. 1) on -5
which these structures were made. From this result it follows ~ P1= Pr s
that the oscillations in the photosensitivity spectra for these U
surface-barrier structures are due to interference of the inciwhere the polarization differenden= 5 — »° gives exactly
dent light in the semiconductor film itself. the displacement of the photosensitivity curves as the optical

3. When the surface-barrier (Au)/Si structures were polarization changes. Figure 3 shows the spectral function

illuminated by linearly polarized light along the normal to An(hw) at ®=50° (curve 4). It is clear that the curve
the plane of the barrier conta@®=0°), the photosensitivity A (% ») also exhibits oscillations. In this case the minima of
did not depend on the position of the electrical vedtoof = A # are located in regions whergis a maximum, which is
the light wave relative to the crystal axes in the Si crystal.associated with the maximal efficiency of transillumination;
Figure 3(curvel) shows the spectral dependence of the pho€onversely, the maxima @& » occur in the region wherg is
tosensitivity for one of the structures illuminated by linearly a minimum, indicating a maximum loss of light to reflection.
polarized light with two mutually orthogonal polarizations. It In comparing curve& and3 (Fig. 3), we should also note the
is clear that fol®=0° the spectrum of in linearly polarized fact that the modulation depth of the spectral photosensitivity
light corresponds to the spectrum obtained for natural lightcurves is larger as a rule fdP-polarization, and that the
This derives from the fact that the photoconductivity in amaximum approach;*— %P corresponds to a minimum of
silicon crystal is isotropic. A®>0° increases, the photosen- Az and conversely. From E@l) it is clear that the nature of
sitivity spectrumzP for polarization parallel to the plane of the extremum of the induced photopleochroigninimum or
incidence E||PI) begins to deviate from the spectrumgf  maximun) is directly connected with the character of the
for EL PI. Figure 3 shows a typical example of the spectra ofextremum inA 7.
7P and »°* when®=50°. From this figure it is clear that each Figure 4 shows angular dependences of the induced pho-
polarization of the linearly polarized light has its own spec-topleochroism that are typical of the structures we investi-

100%, (1)
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polarization differencel1) and induced photopleochrois(®) for an In/Si
FIG. 4. Angular dependence of the induced photopleochroism for an In/Sstructure aff= 300 K.
structure aff= 300 K (fw, eV: 1—1.96;2—1.84).

photopleochroism for a typical structure compared with

gated in the neighborhood of the adjacent extremAafit  An(fio) ata fixed angle of incidence. In agreement with the
is clear that as the angle of incidence increases, the inducd@lationP,~A » implied by Eq.(1), in-phase oscillations are
photopleochroism varies nonmonotonically in heterojunc-clearly present in the spectrum of the polarization difference
tions made of porous Si/SRef. 4, although the primary ©Of quantum efficiencies and in spectra Bf as a result of
tendency of these variations reduces to an increaBe With interference of the linearly polarized light in the Si film. The
increasinw with a close to quadratic dependenéﬁr@z_ period of oscillation of the photopleochroism is the same as
The nonmonotonicity of the experimenta| fUﬂCthn(@) that of the phOtOCOﬂdUCtiVitYFig. 1), since the interference
arises from interference effects, which are sensitive to th@f linearly polarized light is also determined in the silicon
effective thickness of the absorbing layer. From Fig. 4 it isflm. Maximum values of the induced photopleochroism
also clear that the character of the angular functibpds P at ©=70° reach values of 48-50%, which, based on
preserved as the wavelength changes, and that the lattBef. 10, gives a valur= 3.5 for the refractive index, which
change simply causes a transition from the maximum to thé close to the known value for 8iThe minima in the spec-
nearest minimum irP,. We should emphasize here that atrum of the coefficient of induced photopleochroig™

decrease in the photopleochroigfig. 4) and, accordingly, ~=10-18%(Fig. 5, curve2) are due to interference transillu-
the polarization difference of the photosensitivity accompamination and therefore cannot be used to estimagice in
nies the decrease in losses to reflection. Ref. 10 the interference was disregarded.

On the basis of our investigations, we also found thatin ~ Thus, the interference of linearly polarized light in the
the neighborhood of maxima of the spectra (Fig. 3, curve ~ active regions of.photosenslltlve structu(_mr the example
4) the angular dependences of the quantum efficienciegf In/Si and Au/Si structurgss accompanied by the appear-
7°(®) and %(®) correspond to what was expected from ance of oscillations in the spectrum of the induced pho-
the Fresnel relations, which describe the passage of linearfppleochroism. This effect may find applications in polariza-
polarized light through the boundaries of two mefifaln ~ tion photoelectronics as a way to create selective
fact, for aP-wave the quantum efficiency initially increases photoanalyzers of linearly polarized light.
with increasing®, passes through a maximum, and then de-
creases, wWhereas for &wave 7 increases monotonically s G. Konnikov, D. Melebaev, V. Yu. Rud’, and M. Serginov, Pis'ma Zh.
with increasing®. The angular dependences gf and »* 2Tekh. Fiz.18, 39 (1992 [Sov. Tech. Phys. Letll8, 382(1992].

; ; i S. G. Konnikov, V. Yu. Rud’, Yu. V. Rud’, D. Melebaev, A. Berkeliev,
are cqmparable in the nelghborhood of minima of the sp_egtraM Serginov, and S. Tilevov, Jpn. J. Appl. Ph2. 515(1993,
A?7 (Fig. 3, (_:u_r\_/e4)’ at Wh'Ch IOS_SeS to reflecfuon are mini- sy, vy Rud’, Doctoral DissertatioA. F. loffe Physicotekh. Inst., Russ.
mized, and initially an increase is observed in the quantum Acad. Sci., St. Petersburg, 1995
efficiency, which reaches a maximum and then decreases fo‘?zfl-g\gt?l)- “Fil;d’ agd I)((juéV- eRllJCiézFi(zl-gg\;ﬁrd- TelaSt. Petersbung3l, 245
it ot ys. Solid Stat81, .

both polar!zat|oqs. Thus there are grc,)und,s fOI.' associating th‘g"E. M. Voronkova, V. N. Grechushnikov, G. I. Distler, and I. P. Petrov,
decre.ase ir?, with the effect of transillumination. _ Optical Materials for Infrared Engineeerinfin Russiai, Nauka, Mos-

Figure 5 shows the spectral dependence of the inducedcow, 1965 .
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X-ray photoelectron spectroscopy, the Kelvin probe method, and Raman scattering are used to
study the properties of the surfacemtype InP(100 passivated by ammonium sulfide

dissolved in water or i-butyl alcohol. Both treatments are found to cause a reduction in the
depth of the depleted skin layer, a shift of the surface Fermi level toward the conduction

band, and an enhancement of the electron work function and increase in the ionization energy of
the semiconductor. The processing in the alcohol solution yields a stronger effect than
processing in an aqueous solution. For sulfidization in an alcohol solution the surface Fermi level
shifts by 0.2 eV, while the ionization energy increases by 0.53 eV.1999 American

Institute of Physics[S1063-78269)01104-7

1. INTRODUCTION surface$! and this has made it possible to increase the pho-
toluminescence intensity substantialiyand reduce the skin

Because of its high mobility and relatively wide conduc- layer band bending: Passivation in alcohol sulfide solutions
tion band, indium phosphide is an important material forhas been used to enhance the efficiency of InGaAs/AlGhAs
high-frequency field-effect transistors, solar cells, and optoand InGaAsP/In¥ laser diodes.
electronic integrated circuits. Passivation of InP surfaces by In this paper we use x-ray photoelectron spectroscopy,
sulfur atoms modifies its electronic  properties the Kelvin probe method, and Raman scattering to compare
significantly!~*in particular, it lowers the density of surface the chemical composition and electronic properties-bfpe
states at an InPa/insulator interfacemakes the height of a InP (100 surfaces that have been sulfided in water and alco-
Schottky barrier depend on the work function of the métal, hol solutions of ammonium sulfide.
raises the photoluminescence intenéitgnd improves the
characteristic of InGaAlRRef. 5 and InGaAsRRef. 6 la-
ser diodes.

The modification of the electronic properties of surfaces  Wafers of n-InP (100 with an electron concentration
has initiated studies of the chemical composition and thev~10'® cm 3 were studied. Prior to sulfiding, the wafers
atomic and electronic structure of InP surfaces covered witlivere etched in HF for 1 min at room temperature.
sulfur atoms. It has been found that when InP is treated in  Two different solutions were used for sulfiding: first, in a
sulfide solutions, the sulfur on the surface is bound only tavater solution of ammonium sulfide (NH,S+H,O0 (1:10
indium atom$ and can be found in at least three valencefor 1.5 min and second, in a solution of ammonium sulfide in
state§ corresponding to{a) elementary sulfur(b) sulfur  t-butyl alcohol (NH,),S+t-C,HsOH (1:100 for 30 s. In
bound to indium on the surface, afd sulfur occupying a order to remove the sulfide solution from the surface at the
phosphorus site in the skin layer of the semiconductor. It hasnd of the sulfiding process the sample was placed in a cen-
been shown that the adsorption of sulfur@type InP, fol-  trifuge and spun in air at a speed of 1000 rpm.
lowed by annealing at temperatures in the range 200—-300°C, X-ray photoelectron spectra of the InP surface were
has led in several cases to a shift in the surface Fermi levehken on a Perkin- Elmer PHI 5400 spectrometer using Mg-
toward the conduction barfd® while on a sulfidedn-type K, emission(energyhr=1253.6 eV at a power level of 300
InP surface the Fermi level was shifted only slightly in theW. The samples were placed in a vacuum chamber no later
direction of the valence band and returned to its originathan 10 min after the sulfiding process was completed. The

2. EXPERIMENT

location after annealintf’ energies of the peaks were measured relative to the carbon C
Sulfiding of InP surfaces is mainly done from the gas-1s (285.5 eV} peak!®
eous phaseor from water solutions of sodium sulfidepr The electron work function of the semiconductor before

ammonium sulfide>7"81°0n the other hand, the properties and after sulfiding was determined by the Kelvin probe
of the sulfide solution have a major effect on the chemicaimethod using a dynamic capacitor for measuring the con-
composition and electronic structure of the sulfided surfacetact potential difference between the semiconductor and a
Thus, for example, it has been shown that using alcohol§00-nm-thick gold film deposited on the SiGubstrate®
increases the efficiency of sulfur coating formation on GaAsThe metal probe had a diameter of 40n and its work

1063-7826/99/33(4)/5/$15.00 416 © 1999 American Institute of Physics
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TABLE I. a

Thickness Work
of sulfide  function
Surface layer, ML ev S, nm Vy, ev

Unsulfided E 4.885 13.8 0.14
(etched in HF

Sulfided in 3.9 5.063 11.2 0.690.14*
(NH,),S+H,0

Sulfided in 15 5.210 9.2 —0.06*
(NH,),S+t—C,HyOH

Note *The scatter is because of the different shifts of thedg3and P 2
peaks.
** A negative barrier height means that the bands are bent downward.

function did not change by more than 15 meV in the course
of the measurements. The work function of gold was as-
sumed to be 5.4 eV’

Raman spectra were measured in the range 150-800
1 at room temperature on a Dilor XY spectrometer

Intensity, arb.units

cm
equipped with a multichannel detector and an optical micro-
scope to ensure focussing of the laser beam to a spot diam-
eter of 1 um!® The excitation wavelength was the
A=457.9-nm line of an Af-laser(the penetration depth of
the radiation in InP is 54.7 nii? and the laser power was 2.5
mW. According to the selection rufés only optical
LO-phonons should be observed in the spectra. The spectra

c
were measured in air. DR A s S s S \ ] A
137 135 133 131 129

3. EXPERIMENTAL RESULTS Binding energy,eV

0.2ev

3.1. Studies of sulfided n-type InP (100) surfaces by x-ray FIG. 1. P 2 photoelectron spectra of three differentnP (100 surfaces
photoelectron spectroscopy and the Kelvin probe initially etched in HF:(a) unsulfided surfacgp) sulfided in a water solution
method of ammonium sulfide (Ng),S+H,0O, and (c) sulfided in an (NH),S
+t-CH4HyOH solution.

The reference x-ray photoelectron spectra of all the sur-
faces contain peaks of In, P, C, and O, while the spectra of
the sulfided surfaces also contain S. The intensities of thetate, since the amount of it greatly exceeds the observed
oxygen and carbon peaks were largely unaffected by sulfidamount of indium oxides and no phosphorus oxides were
ing in an aqueous solution, but they decreased noticeablgbserved at all.
when an alcohol solution was used. The thickness of the With sulfiding in a water solution of ammonium sulfide,
sulfide coating estimated by the method of Carpeatel?  the P 2 spectrum was essentially unaffectdtig. 1b), but
is given in Table | in units of monolayers. All of the surfaces in the In 35, spectrum the intensity of the 445.5 eV oxide
were rich in indium. The highest In/P ratid.61) was ob- peak decreased somewh&ig. 2b. Here a slight shift to-
served on the surface treated in the (Nyb+t-C,HgOH  ward higher energies was observédhe shift was<<0.05
solution and the lowesf1.43 on the surface of the unsul- eV, i.e., less than the accuracy of the energy measurement.
fided semiconductor. With sulfiding employing a solution of ammonium sul-

Figures 1 and 2 show x-ray spectra of p @nd In 3s,. fide in t-butyl alcohol, the peaks of both Rp2AFig. 19 and
All the spectra are normalized to the maximum peak heightln 3ds,, (Fig. 29 shifted by 0.2 eV toward higher binding
The spectrum of P 2 of unsulfided InP after etching in HF energies relative to their positions for the unsulfided semi-
(Fig. 1a contains a doublet associated with indium phos-conductor. This indicates that the surface Fermi level has
phide in the bulk semiconductor, for which the P32 en-  shifted into the conduction band. Given the magnitude of the
ergy is 129.0 eV relative to the position of the Fermi level atband bending at the surface of the unsulfided semiconductor
the surface. Since the Pg, peak stands 127.8 eV from the (0.14 eV}, we may conclude that after sulfiding int-abutyl
boundary of the valence band of IfRef. 22, we estimate alcohol solution of ammonium sulfide, the surface Fermi
the initial band bending of the unsulfided semiconductor tdevel lies above the conduction band.
be 0.14 eV. The In 8s, spectrum of the unsulfided semi- The shape of the P@R2spectrum does not change when
conductor(Fig. 23 contains a peak associated with bulk InP InP is sulfided in a solution of ammonium sulfidetibutyl
(with an energy of 444.8 ehand a small peak at about 445.5 alcohol, and no distinctive features at high binding energies,
eV associated with indium oxides. Note that the oxygen obdue to the formation of oxides and sulfides of phosphorus,
served in the reference spectra is mainly in a physisorbedere observed. This suggests that compounds with P-S
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c FIG. 3. S D photoelectron spectra of two differentinP (100 surfaces
0.2 eV initially etched in HF:(a) sulfided in a water solution of ammonium sulfide
(NH,)»S+H,0 and(b) sulfided in an (NH),S+t-CH,;HyOH solution.
(52, and 162.90 e\(3). The S1 state is associated with the
sulfur bound to indium on the surface, S2 is associated with
In-s the sulfur occupying a phosphorus site in the skin layer of
LY | the semiconductor, and S3 is associated with the elementary
247 44E 445 Lol 443 442 sulfur on the surface adsorbed on the sulfide codfing.
Binding energy,eV The intensity of the S3 peak is the same for sulfiding

in both solutions, while the ratio of the S1 and S2 peaks
FIG. 2. In ™ds, photoelectron spectra of three differerinP (100) surfaces is different. For InP sulfided in a water solution of ammo-
initially etched in HF:(a) unsulfided surfacep) sulfided in a water solution . - . .. . . . .
of ammonium  sulfide(NH,),S+H,O, and (¢) sulfided in an (NH),s  nium sulfide, the intensities are |nlthe proportion S1: S2: S3
+t-CH,HyOH solution. =1.65:2.70: 1, and InP sulfided in a solution of ammonium
sulfide int-butyl alcohol, this proportion is 2.00:2.45:1.

The work function ofn-InP (100 increases with sulfid-
bonds are as highly soluble in alcohol solutions as in wateing in a water solution and, to an even greater degree,
solutions® with sulfiding in an alcohol solution of ammonium sulfide

In the spectrum of In 85, (Fig. 29 for InP sulfided ina (Table ).
solution of ammonium sulfide itrbutyl alcohol, the chemi-
cal shift between the two peaks decreases by 0.2 eV relative _ _ .

. . . . 3.2. Raman scattering studies of the surface depletion

to the spectrum of unsulfided InFig. 29 or InP sulfided in region of sulfided n-ype InP (100)
a water solution of ammonium sulfid€ig. 2b. The oxides _ _
and sulfides of indium are hard to distinguish by x-ray ~ The depth of the surface region of the semiconductor
spectroscop$ in contrast with those of gallium, where the was estimated by analyzing Raman scattering spéttra.
positions of the corresponding peaks differ9.4—0.6 eV Given that the magnituc_je of the §urface band bend_ing is
(Ref. 29. Nevertheless, by analogy with gallium, the reduc-Vpo=0.14 eV for the un§ulf|ded_ semu_:onductor, we estimate
tion in the chemical shift of the high-energy component ofthe depths of the depletion region using the formula

the In 3ds, spectrum indicates that this component origi- _[2&5e0Vho
nates mainly from indium sulfide. Note that a similar chemi- B eN '’
cal shift has been observed for In—-S bofAtls. wheregg is the dielectric constangs=12.4 is the static

Figure 3 shows S |2 spectra from InP sulfided in solu- relative dielectric constant of InR,is the electronic charge,
tions of ammonium sulfide in watefFig. 3@ and t-butyl  and N is the donor concentration in InP. This calculation
alcohol (Fig. 3b. The spectra were resolved as in Ref. 8yields §=13.8 nm.
using the following parameters: intensity ratigQs:2p,,, Since § is less than the penetration depth of the laser
=2:1, energy between (2, and 2,,, 1.08 eV, and half- light into the semiconductor, the Raman spectra should in-
width of the peaks 1.2 eV. Three different states of sulfurclude both surface and volume scattering modes. In fact, two
were resolved in the spectra, wiph,, peak energies relative peaks can be seen clearly in the Raman sp€Eita 4). The
to the top of the valence band of 160.90 €81), 161.65 eV  peakL ™~ (303.7 cmi?) is caused by scattering on a coupled
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the electron work function increases. TreatingnamP (100

- surface in at-butyl alcohol solution of ammonium sulfide

= causes the surface Fermi layer to shift into the conduction
band of the semiconductor, and leads to a larger reduction in
the depth of the depletion layer and increase in the work
function. Here the fraction of sulfur bound to indium atoms
at the semiconductor surface is greater than the fraction that
displaces phosphorus.

4. DISCUSSION OF RESULTS

The rate constant for formation of the sulfide coating
was calculated from the x-ray photoelectron spectroscopy
data as the ratio of the thickness of the sulfide layer to the
concentration of sulfur in the solution and the duration of the
sulfiding treatment. It turns out that the rate constant is
roughly an order of magnitude higher whesinP is sulfided
‘ with a t-butyl alcohol solution of ammonium sulfide than
- ! with a water solution. Similar results have been obtained for

: 5 the sulfiding of GaAs in different solutions of ammonium
sulfide?’

Decomposition of the S2 spectra(Fig. 3) showed that
as the rate of formation of the sulfide coating increases, the
fraction of the S1 state increases compared to that of S2, i.e.,
just as in the case of annealing of a sulfided surfaéé*,
i~ there is an increase in the ratio of the sulfur bound to indium
L to the sulfur which displaces phosphorus vacancies in the
! 1 L ! | surface layer of the semiconductor.

200 250 300 350 400 According to the Arrhenius equation, the rate constant
Raman shift,em™ for the sulfiding reaction characterizes the energy released
FIG. 4. Raman spectra of three differeminP (100 surfaces initially dl_mng adsorption of atoms on the semlconduqtor surface.
etched in HF:(a) unsulfided surface(b) sulfided in a water solution of Since the rate constants for sulfiding from solutions of am-
ammonium sulfide (NE),S+H,0, and (¢) sulfided in an (NH),S  monium sulfide int-butyl alcohol and water differ by
+1t-CH,4H,OH solution. roughly an order of magnitude, it is possible to estimate the
difference in adsorption energies for sulfiding in these solu-
tions. The energy released during adsorption of a sulfur atom
phonon-plasmon mode in the bulk of the semiconductor afrom a t-butyl alcohol solution is roughly 0.06 eV higher
free carriers. The peakO (341.9 cm?) is associated with than that from a water solution. Theoretical studies of InP
the depletion layer at the surface of the semiconductor. 1100) surfaces coated with S atoffisshow that there are
unsulfided InP the intensity of tHeO peak is half that of the several possible atomic structures for these surfaces with dif-
L~ peak(Fig. 43. ferent mutual positions of the sulfur and phosphorus atoms

Sulfiding the semiconductor in the different solutionsand a difference of less than 0.1 eV among the energies of
leads to a change in the relationship between the volumthe several structures. It was pointed out that the actual
(L™) and surface I(O) peaks. For sulfiding in an aqueous atomic structure of an InPLO0)-S surface is a statistical sum
solution of ammonium sulfide, the™ peak is three times of different structures with similar energies and special em-
higher than theLO peak (Fig. 4b and for sulfiding in a phasis was placed on the importance of kinetic processes in
t-butyl solution, it is 4.5 times higher. Thus, the sulfiding of establishing the surface structure. The decomposition of the
InP causes a reduction in the depth of the depletion region dé 2p spectraFig. 3) suggests that kinetic processes can have
the semiconductor which is greater when the ammonium sulan important influence on the atomic structure of the surface.
fide is dissolved irt-butyl alcohol. On the other hand, increasing the reaction rate constant

The depthd of the depletion layer was calculatéd®  for formation of a sulfide surface reduces the depth of the
from the ratiol (LO)/I1(L™) of the peak intensities. The re- depletion region and also shifts the surface Fermi level to-
sults are shown in Table I. Also shown there are the surfacevard the conduction band. The latter is a consequence of a
band bending/,, obtained from the x-ray photoelectron spec- change in the electronic structure of the surface that can also

Intensity, arb. units

) 1 !

troscopy data. serve as further indirect confirmation of changes in the
Thus, when am-InP (100 surface is treated in a water atomic structure of sulfided InPLO0 surfaces.
solution of ammonium sulfide, the surface Fermi lefzgl The Raman spectroscopy data make it clear that the re-

shifts slightly toward the conduction band; the depth of theduction in the depth of the depletion region after passivation
depletion region of the semiconductor decreases slightly ansh a water solution should indicate a drop in the surface
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-40 ] the conduction band, but when it is treated in a water solu-
L £, . tion, the surface Fermi level is essentially unaffected. The
_ sk E:’. N ] reduction in the depth of the surface depletion layer during
S r T sulfiding may be caused either by an increase in the doping
g C 1 level at the surface due to the filling of phosphorus vacancies
:’é 6.0 5»* ~~~~~~~~~~~~~~~~~~~~~ i '53{“v ] by sulfur or by a change in the surface barrier of the semi-
- ! R conductor. The increase in the ionization energy of the semi-
-~k | azadev T ] conductor is greater when thelnP (100) is sulfided in an
untrezted (NH,),5+H,0 (WK, ), S +E-C o0 alcohol solution, rather than a water solution.

FIG. 5. Locations of the surface Fermi levet{;) and the edges of the 1H. Ishimura, K. Sasaki, and H. Tokuda, Inst. Phys. Conf. $66 405
conduction E.) and valence E,) bands relative to the vacuum level for (1'99(). T ' ' T ' '
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Electrical and photoelectric characteristics of an isotypic n-ZnO — n-Si structure
S. V. Slobodchikov, Kh. M. Salikhov, and E. V. Russu

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted November 11, 1998; accepted for publication November 23) 1998
Fiz. Tekh. Poluprovodn33, 435—437(April 1999)

Current-voltage and capacitance-voltage characteristics and the transverse and longitudinal
photoelectric effects are measured fleBZnO-n-Si heterostructures obtained by deposition from
organometallic compounds. Some parameters of the interface, the mechanisms for current
flow, and the photoelectric characteristics of these heterostructures, which are of interest for
evaluating their practical applications, are determined.1999 American Institute of
Physics[S1063-782809)01204-1

Thin ZnO films have attracted the interest of researchershat has been examingébr n-Ge-n-Si heterostructures. In
in connection with their possible attractive applications inthis case,
optoelectronics. They have been used, in particular, in pro-
duction technologies for gas sensors, varistors, color dis- |~F; exp(—qVpo/kKT)(1—Ry)f(a,ay), (1)
plays, and solar cells. For example, the conversion efficiency
for sunlight in test samples of an anisotypieZnO—p-Si  whereF, , are the emitted fluxes of carriers from the volume
heterostructure was 0.95%2dn-ZnO diode structures have to barriersVp, ; are the diffusion potentials at the interfaces,
been tested as hydrogen detecfors. R, ; are the reflection coefficients for the carrier fluxes at the
In this paper we present some results from a study of thénterfaces,f(a,a,) is a function of the transmissiotby
electrical and photoelectric characteristics of isotypicintermediate statgsat the interface for the corresponding

n-ZnO-n-Si heterostructures with possible practical applica-emitted fluxes, and the subscripts 1 and 2 denote parameter
tions in mind. values for the two polarities of the applied bias. Figure 2

We have used deposition from organometallic com-Shows the forward and reverse currents as functions of tem-

pounds to obtain conducting layersmZnO. Zinc acetylac- Perature. According to Eq.l), the barrier height obtained
etonate ZnAcAd), was used as a source. from curve?2 is Vp,=0.25 eV and corresponds to arSi—

Processing was done in a vertical reactor on an Si Sub{interface barrier. The weak temperature dependence of the

strate with a100) orientation, held at a temperature of 300— forward_ currenft(curve 1) indicates that the tunnel current

N L : .. predominates in the-ZnO—<interface segment.
350 °C. Deposition was from a mixture of Ar saturated with Measurements of the capacitance as a function of the
ZN(ACAQ, vapor and oxygen introduced into the reaction reverse biagFig. 3 yield a barrier height of 0.9 eV. The
zone through a ancent-rlc injector. Thetype ZnQ layers total capacitance of an isotypic heterostructure can be written
were deposited with a zinc acetylacetonate source temperg; ihe form
ture of 120 °C and in a 100 mL/min flow of argon and oxy-
gen with a flux ratio Af/Ar+ O,]=0.5. It was noticed that as
the substrate temperature increased, the rate of deposition of
n-ZnO increased and that the morphological structure of the 10°F
zinc oxide layer improved. The resulting conducting layers
of n-ZnO have an electron concentration (5-8)0*° cm™3 -3
and mobility ~50 cnf/(V-s). The metallic contacts on the
structures were Al on tha-Si and Pd on the-ZnO.

Figure 1 shows current-voltage characteristics of a typi- < 0"
cal sample of isotypic Pd»-ZnO-n-Si—Al heterostructure. ~ 2
A sublinear variation can be seen in both polarities. Note that
the direction of easy flow of these structures corresponds to a 10°F
negative potential on the- Si. The detailed mechanism of
current flow is complicated. If we include the existence of 10 L 1
intermediate states on the interface, then current flow in the 0 1 2 3 4
forward direction is associated with overcoming a lower v,V
boundary in theintermediate staje-n-Si system, and in the o , _ _

. . . . . FIG. 1. Current-voltage characteristics of an isotypiznO-n-Si hetero-

reverse direction, in thentermed|ate sta)éen-ZnO system. structure: (1) forward branch(negative potential on the-Si, (2) reverse
To some extent, the process of current flow resembles onganch.

1063-7826/99/33(4)/2/$15.00 421 © 1999 American Institute of Physics
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T, mm
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FIG. 4. Inversion characteristics for the longitudinal photoelectric effect in
ann-ZnO-n-Si structure.
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1L2 _cC,
C.,+C,

whereC, is the capacitance determined by the intermediaterne characteristics are linear for a distariee5 mm be-

states in the(interfacg—n-ZnO junction, andC, is the ca-  tyeen the contacts. The linearity conditfohas the form

pacitance of the depleted layer in theSi. If C,<C,, then | 0 where

the measuredC ?=f(V) dependence probably gives the ’

height of then-ZnO—(interface barrier. _ (pnl N an) 3)
The measured maximum photosensitivity of the isotypic Wny  Wpo/ '

heterostructure corresponds to the spectral region where silj- . . -
. - . : .~ ~.Hereg is the perpendicular conductivity of the structusg;
con is sensitive. A comparative estimate of the short-circui o .
and p,, are the resistivities of the-ZnO andn-Si layers,

current, observed by illuminating the isotypic heterostructureres ectivelv: andv... andw . are their effective thicknesses
by monochromatic light at a wavelength ©f0.64 um, on P y: ni n2 '

i . ; Calculation$ show that a rather wide range of linearity
one hand, and, for example, a silicpr-n junction photo-

o <1. iti
detector of average sensitivity, on the other, showed that th%hOUId be observed even fai <1. Here the condition for

; . stimating the transverse conductivity of our structures, in-
heterojunction had a photocurrent that was only a factor o . . : "
: cluding the electrical and geometric characteristics of the
1.8 smaller than that of the photodetector. But the difference P . 6. 3
. L o n-ZnO (Wp;=4%10 ® cm) andn-Si layers o=10% cm 3,
for illumination by white light was much greater because of

. = A - 'Wp,=0.5x10"* cm) givesg=<10"° Q1. The other param-
the lower collection efficiency for the minority current carri- L . . .
. eters of a longitudinal photodetector include, in particular,
ers in the heterostructure.

Figure 4 shows a plot of the inversion characteristics forthe capacitance per unit area under reverse ligsand the

o . . time constant for the same big8l2, whereB=Cypn /W, 5.
the longitudinal photoelectric effect in the heterostructure.In the structures that were measur€y=9x10"° F/cn?

(V=1 V) andBl?=2x10 ®s.

It is clear that, in order to increase their prospects for
practical applicationn-ZnO-n-Si heterostructures must be
optimized, both in terms of their engineering design and in
terms of the choice of electrical and photoelectric character-
istics of then-ZnO andn-Si layers. They probably cannot be
made into efficient converters of solar energy, but they can
serve, in practice, as relatively fast photodetectors based on
the transverse or longitudinal photoelectric effects.

)
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FIG. 3. The capacitandgger unit arepas a function of reverse bias voltage
for ann-ZnO-n-Si structure. Translated by D. H. McNeill
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LOW-DIMENSIONAL SYSTEMS

Analysis of mechanisms for electron scattering in GaAs/Al +Ga; _, As superlattices
with doped quantum wells for longitudinal resonant current flow in high electric fields
and at low temperatures

S. I. Borisenko and G. F. Karavaev

V. D. Kuznetsov Siberian Physicotechnical Institute, 634050 Tomsk, Russia
(Submitted July 6, 1998; accepted for publication July 7, 1998
Fiz. Tekh. Poluprovodr33, 438—444(April 1999

Formulas are derived for, and a numerical analysis made of, the dependence of the transverse
phase relaxation time on electron energy for resonant current flow through

GaAs/AlLGa _,As superlattices with doped quantum wells. The parameters are chosen to be
close to those of superlattices used for creating photodiodes for operatios-H) um. The
analysis is limited to the interactions of electrons with neutral atoms and impurity ions at

low temperatures. Resonant current flow is ensured by an electric field that brings the ground state
and the first excited state of the “Stark ladder” into resonance with neighboring, weakly
interacting quantum wells. €999 American Institute of Physids$S1063-78269)01304-4

Because of their possible use in infraredR) gap for the case in which the electric field corresponds to
detector§™ and ultrahigh frequency generat8rs, the ki-  step-by-step resonant tunnelling of electrons between the
netic properties of weakly interacting quantum-well superlat-ground state and the first excited state of the neighboring
tices of the type GaAs/AGa, _,As in an electric field along quantum wells. Based on the operating regimes for photode-
the longitudinal axis of the superlattice are currently studiedectors using these superlatticethie analysis is carried out
extensively, both experimentally and theoretically. The refor low temperatures including elastic scattering of electrons
gion of high electric fields, which cause “Stark” quantiza- On impurity ions and neutral atoms. An analysis of experi-
tion of the subbands in the conduction band, is of greateghental data for the dark current density in the resonant flow
interest from the standpoint of increasing their 'egion yields an estimate for the matrix element which de-
photosensitivity: In this case, the current-voltage character-termines the tunnelling transition probability for electrons
istic is highly nonlinear and when the electron concentratiorP€tween neighboring quantum wells.
in the quantum well is high enough, the current-voltage char-
acteristic has distinct oscillatory structuf@s!The latter are 1. THE PHASE RELAXATION TIME
related”*? to the presence of a high field at the anode do- it is known that in a strong electric field and with peri-

main wall. It has recently been sho?ﬁﬁle’that current flow  ogic boundary conditions, the electron wave function is lo-
in these domains is determined, in general, by nonresonaghjized and this localization accounts for the Stark quantiza-
transitions of electrons between neighboring quantum wellsjon, This effect is especially noticeable in the case of narrow
If, however, a domain encompasses the entire superlattice &ands, such as the subbands in the superlattices used for IR
the applied field increases, then current flow through the dophotodetectors. According to theot¥in this case the energy
main can acquire a resonant charactefhe condition for  of an electron’s motion along a field parallel to the superlat-
resonant current flow is that the lowest state and an excitefice axis is given in terms of two quantum numbers by
state of the Stark ladder be brought into resonance with the
neighboring quantum wells by the electric fiéld. Ein=Ei—eFdn (1)
Until now, the theoretical analysis of the role of the dif- wherei is the number of a state in the unit cell of the super-
ferent scattering mechanisms which affect the longitudinalattice with quantum numbar, —e is the electronic charge,
current flow in a superlattice has mainly touched on the firsF is the field strength, and is the superlattice period. The
miniband in the classical electric field regiit?! The effect  energyE;, corresponds to the wave function
of different scattering mechanisms on resonant and nonreso-
nant current flow in a high-field superlattice domain has been Vvin(z)= 2 Cij(F)Wj,(2), 2
given virtually no attention in the literature. !
In this paper we carry out a humerical analysis of, andwhere
present formulas for, the transverse phase relaxation‘time 1
during passage of a Iongltudlnal - currentl in a Wi, (2)= —— E e—iqdnq,iq(z) 3)
GaAs/ALGa,_,As superlattice with a straight barrier band N “g

1063-7826/99/33(4)/6/$15.00 423 © 1999 American Institute of Physics



424 Semiconductors 33 (4), April 1999 S. |. Borisenko and G. F. Karavaev

is the Wannier functionl';, is the one-dimensional Bloch energy of transverse motion of an electron in the effective-
wave function corresponding to energy, with band num- mass approximatiork is the two-dimensional wave vector;
beri and wave numbeqg; andN is the number of periods of and¢ is the Fermi level.

the superlattice along its axis. The eneigyand the coeffi- The transverse phase relaxation time is given as a func-
cientsC;; , which depend on the field, are found by solving tion of k by"’

the equations

Z |UOI0_ 21282 5 (k) — & (K')), (13)
; [(lio—E) 8 —eFZ;]C;;=0, (@)
where
where Limin
Uk _<‘Pk|m|U r)|q,k’1n> (14)
N ; Eiq ) is the matrix element of the scattering operator
is the average value of the energy in the miniband U(r)=2 V(r—R,) (15)
Zij=(Wiol 2| Wjo) fLWiko ZWodz ® in the basis of wave functions
is the matrix element of the position operators along the 1l s
superlattice axis, and=Nd is the length of the superlattice q’kim_TSe +Wim(2), (16)

along the symmetry axis.

For a superlattice consisting of weakly interacting quan-which describe the bound motion of the electrons along the
tum wells, the resonant electric current dengijty which is  superlattice axis and their free motion transverse to the axis.
attributable to electron transitions between the ground stat# Egs.(15) and(16) V(r —R,) is the interaction energy of
and the first excited state of the neighboring quantum well&n electron with an impurity center located at the pd#yt

is given by’ andSis the cross-sectional area of the superlattice. The hori-
- zontal bar in Eq(13) denotes averaging over the coordinates
jr=en(7,)d|[Q]% (7)  of the scattering centers. EquatittB) has been written dis-
where regarding the scattering between the ground state and the

first excited state within a single well, which we shall ignore
a=<\7V21|Z|\7V21}—<\7V10|Z|\7V10> (8) because of its smallness for elastic scattering.

Using Egs.(2) and(3), we can write the matrix element
is a parameter close in magnitude to the superlattice periogf the scattering operator in the form
d;

|m]n -
Q1= (Wl Ho— eF AT Ukie'= JE 2, ChiCiexditkpe—kqIRa]
=i2_ Ci1Cjalli1 61 — e F(Wig| 2| Wj1)) 9 xexid(ma =ng)]Cirjrp(,a7)V Ky —Kgg),
: 17
is the matrix element for a tunnelling transition, which de- here
termines the probability of a transition of this type between
neighboring quantum welldd, is the Hamiltonian of the kqg=(k,q), Kkgg=(k,q+2mp/d), —N/2<p=<N/2,
superlattice in the absence of an electric field with eigenfunc-
tions Wi ; and
1 ) C N l a2 i2mpzid | * d 18
=5 % eI9E,; (10) ija(da")= 5 st Uiq Ujqr dZ (18
1 K dk is the Fourier component of the product of the parts of the
(r,)= f 7. (K) (11)  Bloch wave functions which are periodic in the superlattice
272dn) exp[e(k)—¢&]/koTH+1 period, while
is the transverse phase relaxation time averaged over an ke
equilibrium distribution; V(K)=J e V(r)dr (19
* is the Fourier component in three-dimensional wave vector
n= 24 In[1+exp(¢/koT)] (120 K space of the interaction energy of an electron with a scat-

tering center at the poirR=0.
is the electron concentration in the approximation of isolated  For scattering at impurity ions in the approximation of
quantum wells fork,T<E,—E;; s(k)=#2k?/2m* is the an isotropic Coulomb screening potential, it is known that
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A2 A similar calculation of the constant, and the function
V(K)= 0 (20 G(g), using Eq.(22) when the transverse relaxation time is
es(K +a®) limited to scattering on neutral hydrogen-like atoms, yields
whereeg is the static dielectric constant, ands the screen- e2m*2
ing parameter. In the Debye approximation, with allowance 73-3:7, (28)
for Eq. (12) for the concentration, we have 607 esfi°Ny a.
m* e2 whereN,, o is the concentration of neutral impurity centers
a?=———[1+exp(— &k T)] ™t (21)  in the quantum well, and
efid
. . . /2 % ag(x)
For scattering on neutral atoms at energies corresponding to G(s)ZJ’ d@f dX—————. (29
elastic scattering, we use the approximate formula 0 0 (X*+vesite)
41102 The integrals in Eqs25) and(29) have no general analytic
30’7Tr Bﬁ .
V(K)=| ——| (220  form and can only be calculated numerically.
(m*)?[K]

_ 1/2 . . . .
whererg=(2m*¢p) % is the Bohr radius of the impurity 5 NUMERICAL ANALYSIS OF THE TRANSVERSE PHASE
ground state, andp, is the impurity ionization energy. Inthe RELAXATION TIME

case of a bulk semiconductor, this formula yields the well-

known expression obtained by Erginédyor the cross sec- Since there is no analytic expre_ssion for the dependence
tion of scattering at the neutral hydrogen-like atoms. of the transverse phase relaxation time on the energy and on

A numerical analysis of the coefficien®; showed that, the superlatyce parameters, these dependences were ana-
for calculating the elements of the scattering matrix in Eq.yzed numerically for a GaAs/AGa, -As type superlattice

. G . . with parameters close to those employed for fabricating pho-
(13), the field dependence of th#, can be ignored in the tpdetectors. For the parameters in the formularidi(e), we

resonant current flow region, i.e., it can be assumed th : .
Cij= 4 - In addition, since the superlattices under considera-have used the following valuesngaas=0.06m, and e,

ation here consist of weakly interacting quantum wells, we _ 13.13. The ionization energy of the impurity atons,

was estimated from the hydrogen-like model.

can use the approximation of infinitely deep, isolated quan- .
tum wells for theW,,. Given these approximations, after i A‘t%cord'i[,‘ng to rl]:"qﬁ('23)—(f'7),ttzitrans;erge pha§e rele'lg(-
averaging over the uniformly distributed impurity centers 210N IME7, ", Which IS restricted fo scattering on impurity

within the quantum wells, according to Eq4.3) and (17), lons, o_lepends on the el_ectron concentraﬁomhe q“af““m
d g qd3) (17 ell width a, and the ratiad/a of the superlattice period to

we obtain the following expression for the transverse phasl%: _ . L
relaxation time(seeAppendix J: the qL_Jantum wel! width. Note that, in the approxmatlon_ of
electrical neutrality, the electron concentration determines
7 (k)=7,(8)=70G(s) 1, (23)  the impurity ion concentrationN;,,=n) and, according to
Eq. (21), through the Fermi level, the screening parameter
Figure 1 shows the calculated energy dependencé'dbfor
different electron concentrations. It is clear from the figure
that 7" is an increasing function of energy. This distin-
e2h® guishes it from the ordinary relaxation time€" for the bulk
(24) semiconductor, sincé’(¢) approaches a finite value as the
energy goes to zero, while®(¢) approaches infinity as
wherea is the width of the quantum welin* is the effective ¢~ Y2 As the electron concentration increases, the transverse
mass, and\;y, is the concentration of the impurity ions in the relaxation time decreases as a result of the higher impurity

whereG(¢) is a dimensionless function of the energy. For
scattering at impurity ions, with allowance for EQOQ), we
obtain

ion_
moe*a®m* Ny,

quantum well; concentration. Figure 2 shows plots dj’”(s) for different
e (224 pet 22 q values of the ratiod/a with a=70 A. According to this
G(S):J (2xX"+ ve+2y7)g(x)dx , (25  figure, as the superlattice barrier thickness increases relative
0 (X2+ Y23 X2+ ve + %)% to the quantum well width, the transverse relaxation time
decreases for these valuesdifa. Figure 3 shows plots of
g(x)= Sinf(x) 1 N 16 7(e) for different quantum well widths. This figure im-
px2 | (m2=x2)2  (4m2—x?)2 plies that the transverse relaxation time also decreases with

increasinga for constantd/a. The reason for such a depen-
8cog 7x) dence of7" on these parameters is related to the interfer-
N (2= x2)(4m2—x?) ' (26) ence prope_rties of the square of the modulus of the differgnce
in the matrix elements of the scattering operator for neigh-

wherey and » are dimensionless parameters, antlas the  boring quantum wells, which determines the transverse

dimensions of reciprocal energy: phase relaxation time through Ed.3).
.2 According to Eqs(23) and(26)—(29), the transverse re-
L,_oma y= Eaa 77:29_ (27) laxation time]*, which is limited to scattering on neutral
#2 2 a hydrogen-like atoms, depends parametrically on the neutral
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FIG. 1. The transverse relaxation time as a function of enef§}(e), for
different electron concentrationsa€70 A, d=210 A). Concentrations
n(cm %):1—10% 2 — 2% 10" and3 — 10

atom concentratiofN, , in the quantum well, the quantum
well width a, and the ratial/a. Figures 4 and 5 show plots of
"% (&) for different values of the parameteasindd/a. The
calculations were done fa¥,, , =10'® cm™ 3. These figures
imply that for these energies; % (&) is an increasing func-
tion. This distinguishes it from the relaxation tim&? in the
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FIG. 3. The transverse relaxation time as a function of ener§j(¢), for
different widths of the superlattice quantum wellA: 1 — 40,2 — 70, and
3 — 100 (d/a=3,n=10" cm 3).

3. CALCULATING THE TUNNELLING TRANSITION MATRIX
ELEMENT

According to Eq.(7), if the resonant current density,
carrier concentration, and the transverse phase relaxation
time averaged over the energy are known, then in the ap-

proximationd=d it is possible to estimatgi 0|, the ma-

bulk material, which is independent of the energy at lowtrix element which determines the tunnelling transition prob-

energiese<epl4. As the parameted/a increases witha

constant, the transverse relaxation tirg® increases, in
contrast with7™". A rise in 7% with increasinga for con-

stantd/a is also observed, in contrast wittf".
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FIG. 2. The transverse relaxation time as a function of enerff(e), for
different ratios of the superlattice period to the quantum well widila:
1—2,2—3,and3 —4 (a=70 A, n=10"% cm™9).

ability. An estimate of this sort was made for a
GaAs/Al 3G gAS superlattice with a quantum well with
of 70 A and a barrier thickness of 140 Al€210 A). An

9.5 3

2.0

FIG. 4. The transverse relaxation time as a function of energy for the case of
scattering on neutral atoms)®(¢), for different ratios of the superlattice
period to the quantum well widthl/a: 1 — 2,2 — 3, and3 — 4 (a=70 A,

N, o=10% cm™3, 55 =10.5 meV/.
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5.0F the finite height and thickness of the potential barrier were
3 ignored, along with an isotropic Coulomb potential for the
impurity ion. Another factor which might affect the calcu-
sl lated value of(7°") is scattering which leads to transfer of
’ electrons among neighboring quantum wells.
@ 2
2
. —
g 40 APPENDIX |
§
-:'p.‘ According to Eq.(13), the transverse relaxation time is
35 7
1 = 101 212 101G 2124,
=7 > (Ui 2+|Ukk']12_2Re(Ukk'OUk'k )}
T K’
o x 8(e(k)—&(k')). (A.1.1)
| | I l l | Ignoring the field dependence of the wave functions, we ob-
0 7 A 5 8 ) tain the following expressions for the matrix elements of the
g, meV scattering operator taking E(L7) into account:
FIG. 5. The transverse relaxation time as a function of energy for the case of ii?l_ E 2 gl (Kpg—kq)Rygid(a’ —0)
scattering on neutral atoms; * (&), for different superlattice quantum well @ pqq'
widths, a, A: 1 — 40,2 —70, and3 — 100 (d/a=3 A, N, ,=10® cm 3,
%p=10.5 meVl. X C226(0,09")V (kg —Kgq),
1010_ el (kgg—kqR
experiment shows that at 8 K a superlattice with these Uk % % ‘
parameters, doped quantum wells with a concentralign
=1.4x 10" cm 3, and 50 periods has resonant IR absorp- XC115(a,9")V(kg —Kpgq)- (A12)

tion atA=10.3 um (hwz=120 meVf and has a dark cur- |, the approximation of isolated infinitely deep quantum

rent(density of j,~0.9 A/cnt for a bias of 6V. _ wells, for the Wannier function we use the standard formulas
A calculation of the transverse relaxation time for this
temperature and impurity concentration yielded®)=2.3 (2/a)Y%coq wzla), |z|<al2,
X107 s and(7°"=7.8x10 ¥ s. In this calculation the Wloz{o Iz|=al2
electron density1=1.3x 10'® cm~2 was calculated by solv- ’ ’
ing the equation for the electrical neutrality conditisee )
Appendix 1) with parameters taken from Mailhiatt al: > W [(Z/a)llzs'”(WZ/a), |z|<al2,
20—

g0=12.5meV and\e =0.11 meV/A. In calculating the Fou- 0, |z|=a/2. (A.L3)
rier component(22) of the electron-neutral impurity atom

interaction, we have used the average valge=cp=10.5 The coefficientsCj; ; are calculated using Eq¢l8) and

meV for the ionization energy. (A.1.3):
The very small value of 7!"*) indicates that the inter- -
action of the electrons with the neutral impurity atoms must msin(aQ/2)

be taken into account when calculating the electron energy Cu1(0",0)=Co(Q)=

(aQ2)[7*—(aQ/2)’]’
spectrum and wave functions. In the zeroth approximation
the motion of the electrons in the field of the neutral atoms 47’sin(aQ/2)
can be treated as motion in a field with an average potential Cas(q",0)=C2(Q) = 2 P
. . : (aQ2)[47°—(aQ/2)]

accompanied by weak scattering analogous to that in an al- (A.L4)
loy. With this approach to the problem, the main mechanism
for scattering is scattering on impurity ions, which gives awhereQ=2#g/d+q—q’.
value for|% ), | of roughly 3.4<107° eV. This value is in Using Eq.(A.1.4), Eq. (A.1.2) takes the form
good agreement with that calculated using Ef), 4.0 L oo
X 10 % eV. In the calculation the fit parameter for the given Uﬁ,ﬂ:_ > ei(k’fk)RMJ 4Rz, ()
hwy=120 meV was the effective height of the potential 2m “a -
barrier of the quantum well, which turned out to be roughly xV(|k'—k|,|q]) dg,
218 meV.

The existing discrepancy may be related to the above- o +oo
mentioned weak scattering at neutral atoms and to phonon uiﬁ,l":Z 2, K Ra f_w e'IRazCy(q)
emission. It should also be noted that in calculatin§" we ‘
have used a rather approximate Wannier function, in which xV(|k'—=K|,|q]) dq. (A.L.5)
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Assuming independent scattering on individual impurity cen-  For a nondegenerate electron gas at low temperatures

ters and considering a uniform impurity distribution within (k,T<¢,), this equation for the reduced Fermi leviehas

the quantum well, using EqA.I.5) and integrating over the
coordinatesR,,, we obtain

1010 | 212 aN,L [+ ,
U — Ui szjoo VA=Kl Jal)
X[C%(q)+C5(q)
—2cogqd) C4(q) C,(q)]dq,

(A.1.6)

whereN, is the concentration of impurity centers within a
guantum well.

APPENDIX II

In the approximation of electrical neutrality the electron
concentratiom can be calculated using the formula

1 f f(z)dz
e 2exd[ep(2) + &)/ koT}+1"

L
whereL=Nd is the superlattice thickness, af{z) is the
impurity distribution functionthe number of centers per unit
length at the poink). Assuming that the impurity distribu-
tion in the quantum well is uniform, and that the ionization
energy functionep(z) is periodic over the superlattice and

L/2

(Al,1)

the simple solution

wh2Np[exp(ade/2k,T)— 1]
m* ASQXF(SO/koT)

(A.I.5)
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Luminescence spectra of light-emitting diodes based on InGaN/AlGaN/GaN heterostructures with
multiple quantum wells are studied for currents in the rafg®.15 uA—-150 mA. The
comparatively high quantum efficiency for lodv(J,ax=0.5—1 mA) is a consequence of a low
probability for the nonradiative tunnel current. The current-voltage characteri¢ifsare

studied forJ=10"12—10"! A; they are approximated by the functidfi= ¢, +mkT-[In(J/Jo)
+(33)°5]+J-R. The portion ofVe(J/3;)%® and measurements of the dynamic

capacitance indicate thadayers adjacent to the active layer play an important role. The spectra
are described by a model with a two-dimensional density of states with exponential tails in
multiple quantum wells. The rise ih with increasingJ is determined from the short-wavelength
decay of the spectrum of the blue diod&s: 360—370 K for J=80—100 mA. An

emission band is observed at 2.7-2.8 eV from green diodes atlhihis band may be explained
by phase separation with different amounts of In in the InGaN.1999 American Institute

of Physics[S1063-78209)01404-0

1. INTRODUCTION of charges and electric fields in the structures and examine
their influence on the luminescence.

The mechanisms for recombination in light emitting di-
odes (LEDs) based on complicated quantum_well hetero-, E«pERIMENTAL PROCEDURE
structures such as InGaN/AlGaN/GaN are still not under-
stood adequately, despite enormous progress in the We have studied samples of blue and green
fabrication of blue and green LEDs. Studies have beednGa _xN/Al,Ga _,N/GaN LEDs!*'*The structures were
madé° of the spontaneous luminescence spectra and ele@own by gaseous phase epitaxy from organometallic com-
trical properties of LEDs with single InGaN quantum pounds on sapphire substrates with a buffer layer of (08I
wells”® The spectra were fit well by a model which included hm). Then-GaN base layef4-5 um) was doped with Si and
the tails of the density of states attributable to fluctuations irthe active layer of IgGa,_,N/GaN (5 periods of multiple
the In concentration and to the boundaries of the two dimenquantum wells, perioe<8 nm) was grown on it. The layer of
sional(2D) structures. High electric fields produce tunnelling P-AlyGa N (50 nm covering the multiple quantum wells
effects in these structurds>910 and the upper layer gi-GaN (0.5 um) were doped with Mg.

In discussions at the Second International Conference ofhe amount of In in the quantum wells was varied. The
Nitride Semiconductof$ the possibility of phase separation Vvalue of x determined the spectral region of the lumines-
in heterostructure layers that are enriched in In was demoreence, as bluext~0.2) or green X~0.4).
strated. We are unaware of any papers in which the lumines- It was possible to study the spectra at low currents rang-
cence spectra might have been analyzed in terms of a modi&lg upward fromJ=0.1 xA in a dc mode(at room tempera-
which includes phase separation. In that discussion, as welre). The spectra at high currents, up le-200 mA, were
as two other paper$;’® the possibility of piezoelectric ef- studied in a pulsed regim@0 Hz, 5us).
fects in these heterostructures was pointed out.

In this paper we study the luminescence spectra angd. EXPERIMENTAL RESULTS
electrical properties of LEDs based on InGaN/AlGaN/GaN
structures with multiple quantum weft§®which were sent
to Moscow State University by Dr. M. Koike of the Toyoda We studied the spectra of ten blue and ten green LEDs at
Hosei Company. There was some interest in examining theoom temperature. The spectral peaks for 10 mA lay in the
feasibility of describing the spectra of the LED by a modelinterval % w,,=2.64—2.67 €V qac=465—467 nm for
which includes the tails of the density of states in 2D structhe blue LEDs and in the rangkwm,=2.35-2.37 eV
tures. It would be important to understand whether tunne(\ ,,x=465—467 nm for the green LEDs. The spectral
effects occur in these structures and to study the distributiowidth at half maximum wasA(%Aw)q;,~0.21-0.23 eV

3.1. LED luminescence spectra for dc currents

1063-7826/99/33(4)/6/$15.00 429 © 1999 American Institute of Physics
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FIG. 1. Luminescence spectra of a blue LED at room temperature for cur-
rents of 0.5uA (bottom curve to 50 mA (top curve. The open circles
represent approximations of the spectra¥er5 A and 10 mA by Eq(2).

s

Intensity, relative units

[A(N)41,=36—38 nm|. The spectra of typical LEDs for a
wide range of currents are shown in Figs. 1 and 2. Spectra

from ~0.15 uA are shown for the blue LEQFig. 1) and oar

£, =2.85-2.90 1)
Al o fit 0mA

from ~0.5 uA, for the greer(Fig. 2). Apparently, no spectra b i

of GaN LEDs down to such low currents at room tempera- 0.1 0 Y (it fit80mA
) 2.3 2.5 2.7 2.9 31

ture have been published. The spectral peaks of the blue Energy, ev

LEDs shift with current in the intervak wna=2.57—2.67
eV, in contrast with the blue LEDs with single quantum FIG. 3. Luminescence spectra of a blue LED at high curreats— dc
wells, for which the peak of the fundamental band does nogurrent b — pulsed current50 Hz, 5us). The hollow circles indicate an
; 1-3 ; _approximation of the spectra by E) for J=10 and 80 mA. a —J
vary with J No separate bgnd was observed in the yellow — 10, 20, 30, 50, 80 MA: b —3=10, 20. 30, 50, 80, 100, 150 MA.
green region, of the sort attributed to tunnel radiation in blue

LEDs with single quantum welf&:® The spectral peaks of

the green LEDs shift in the intervélwna=2.2-2.45 eV,  falls exponentially, withlexp(-#w/E;). The parameter
which is wider than that for green single quantum wellg, = 40— 45 meV for the blue LEDs anB;>50 meV for the
LEDs~® The long-wavelength portion of the spectra has algreen; i.e., it differs substantially frokT. A band which

exponential decayl<exp(iw/Eg). In the exponent the pa- appears as a shoulder on the short wavelength wing of the
rameterty~40—60 meV for the blue and green LEDs, even spectrum was observed &tw=2.7-2.8 eV in the green

when the current was varied over wide limits, in contrast) Eps (Fig. 2.
with the case of LEDs with single quantum weliS In the
short wavelength portion of the spectrum, the intensity alsg > temperature dependence of the spectra

The parameteE; for the spectra of the blue LEDs was
237 I~expt-ha/E,) proportional to the temperature according to measurements
£,=64 meV in the rangeT=220-300 K: E;=m-kT, with m=1.4

ﬂjt —1.7. Spectra of blue LEDs at high current$=20— 150
2 mA) are shown in Fig. 3. The peaks of the spectra for dc
§ o1r currents began to shift to longer wavelengths whkien40
2 0.011- mA (Fig. 3a. The short-wavelength decay parameggrin-
;;, w0k creased during this shift of the peaks. The peaks of the spec-
s oL tra for pulsed currenté60 Hz, 5us) continued to shift with
> 5 the current toward higher energies a@agddid not vary(Fig.
‘§ 0°r \ 3b). These facts must be explained by heating of the LED at
8w I~exp(-ha/E,) i) high dc currents.
IS i E,=4%% meV

1 1 L 1 3.3. Spectral shift with rising voltage
1.8 2.0 2.2 24 2.6 2.8

Energy,eV The dependence dfw,,,, On the energyeV (V is the
voltage is shown in Fig. 4. Over a fairly wide interval this

FIG. 2. Luminescence spectra of a green LED at room temperature fo s -
different currents from LA (bottom curvé to 50 mA (top curve. The open aependence is linear, but the SIOpe of the curve is much less

circles represent approximations of the spectralfe’s xA and 10 mA by  than UnitY_(in contrast with the Peak in the_‘ tunnel emission
Eq. (2). band of single quantum-well diod&$. This shift can be
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FIG. 4. The locations of the peaks in the emission spectra of (auand E 7k
green(b) LEDs as functions of the current and voltage on the didie o
curren). a: 1 — fiwmay (V=U+IRY), 2 — fiomay (U); b1 1 — oy (V g
=U+JRy); the smooth curves are a fit tow,, (U). N 0.1
]
S 001t
explained by filling of the tail in the density of states as a wlk
result of fluctuations in the potential and electric fields in an
: : : 1 1 1 1 ) 1 1 | )
active layer with multiple quantum wells. 25 77 3.0 3.5 %0
Vollage,V
3.4. Current-voltage characteristics FIG. 5. a — Current-voltage characteristics of blug) (and green G)

L InGaN/AlGaN/GaN LEDs with singlél) and multiple(2) quantum wells at
Current-voltage characteristidV) of blue and green oom temperaturgsmooth curvesand at 80 K(dashed curves b —
LEDs are shown in Fig. 5. For low currents<10™ 7 A, at approximation of the current-voltage characteristic by 89 the dashed

300 K the current rises exponentially with an energy ~ curve is J(V)=Joe*™e" "% and the smooth curve includes the
~150 meV in the exponent. This part of the characteristic iV~ V2)" €M the points are experimental data.

explained by the tunnel component of the current. The tunnel

component in these diodes is 3-4 orders of magnitude lower

than in single quantum-well LEDS? For voltages in the
rangeV=2.3—2.7 V, a sharp exponential rise corresponding . pen e
to injection into the active region is observed. For high cur-6t€r in the injection exponerk,=c-kT, c=1-2), J, (the

rents,J>20 mA, the current increases almost linearly with Saturation current J;, and Rs. The results of the fit are
voltage because of the series resistaRgeof the contact shown in Fig. 5. The part of the current-voltage characteristic
regions. of the formV=E,(J/J,)°° plays an important role between

It was possible to approximate the characteristics WitHnjection growth and the linear portion of the characteristic,

good accuracy when, besides the series resistRycethe I.e., in the ranged=2— 30 mA corresponding to the operat-

formula for J(V) was supplemented with a quadratic term ing current for these diodes. Whéris reduced to 80 K, the
Je(V—V,)2 corresponding to a double-injection model. The current-voltage characteristics shift to higher voltages, while

current-voltage characteristic far>10"* A was approxi- the slope of the tunnel exponent remains the same; the con-
mated by the equation tribution of the quadratic term anB increase, so that the

o injection exponent does not show up as strongly as might be
V= gyt Es[IN(3/30) +(3/31)*°1 +3- Ry (1) expected.

with the fit parameterg, (contact potentia) E; (the param-
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“L 4. DISCUSSION OF RESULTS
- 1,3
| 0 4.1. Approximation of the spectra
s 0 The spectra were described by a model that has been
07 oo o1 7 10 100 used for LEDs with single quantum wefis® In this model it
Current,mA is assumed that radiative recombination takes place between

FIG. 6. The integrated emission intensiigquares and external quantum electrons and ho'_es mJeCte(_j into the quantum wells; the V(_)It'
efficiency (crossepas functions of current for blug) and greer(b) LEDs. ~ age U on the active layer is close to the contact potential
difference:U~ ¢, <V.
Optical transitions take place between staigg and
E(,) in the tails(of the density of statg¢groduced by poten-
3.5. Luminescence quantum yield tial fluctuations in the 2D-structure. It is assumed that the

density of states has the form
Figure 6 shows the dependence of the integrated inten- Y

sity @ (photons/s and external quantum efficiency, NZD(ﬁw—ESﬁ)~[1+ eXK—ﬁw—Egﬁ)/Eo]_l- (2
=e®d/J on the current for typical green and blue diodes. TheHere ngf is the effective band gap, given bggff: E*

quantity 7. was measured b)_/ a method desc_nbed_ E;; . The spectral intensity is proportional to the population
elsewher®® and 7, reaches a maximum at a comparauvelyfu

. T -7 function for the states ned&t; andEj ; these functions de-
low J which corresponds to the _oqset of the mpctlon portlonpend on the Fermi quasi-levefs, andF,, whereF,—F,
of the current-voltage characteristic. The quanityfalls off —eU (see Ref. &
logarithmically with increasing for high currents(linearly
with V). |(hw)~N?P(ho—ESf(fiw,mKkT,Fy)

X(l—fv(hw,m,kT,Fp));
1<m<2. (3

P

3.6. Distribution of charge centers Figures 1 and 2 show how this function approximates

The distribution of the concentration of charge centers irthe spectra and Table | lists the parameters for one blue LED.
the p-region of these structures is shown in Fig.(fhe They demonstrate that the recombination mechanisms
method of measuring the dynamic capacitance is giverchange when the current is varied over a wide range. In one
elsewher®)). The charge distributions for LEDs with single range of], the change ik w,, can be attributed to a change
and multiple quantum wells are compared in this figure. Di-in F,, with Eg“ andE;=m-KT fixed. This is evidence for
odes with single quantum wel® have a thinner space the model of transitions in the tails of the density of state
charge region and in both cases the space charge layer dsiring random potential fluctuations.
thicker for green than blue LEDs. This is consistent with the  The interval ofJ over which this description fits, how-
weakness of tunnelling effects in multiple quantum-well di- ever, is limited. These parameters for a series of LEDs and
odes. Apparently, introducing high concentrations of In intotheir dependence on the random and directecparticular,
the active region of these structures makes heavy Mg dopingiezoelectri¢ fields will be analyzed in more detalil later.
of the p-regions difficult and facilitates the formation of Here we note that the parametey=m-kT increases notice-
compensated regions adjacent to the active layer. ably with J. This is caused by heating of the LED for
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TABLE I. Approximation parameters for the spectra of a blue diode accord-5, CONCLUSIONS
ing to Eq. (3). The accuracy of the values is indicated by the number of

places after the decimal point. 1. We have studied the electroluminescence spectra of
multiple quantum well InGaN/AlGaN/GaN light-emitting di-
odes down to low currents on the order of T0A. With

LMA UV fhop meV E,meV m  AF,, eV E eV

50 3.108 2.683 65.07  1.375 -0.171  2.903 increasingv, the spectral peaks of the blue diodes shift in the
20 3049 2.680 6145 1.327 -0.196 2920 5440 2 57-2.67 eV and those of the green diodes shift in the
10 2.982 2.657 60.42  1.321 —0.183  2.905 29-24 eV as the tail of the density of states in th

5 2921 2647 5061 1331 —0.167 2870 'ange c.c.—z.4 eV as the lail of the density of states in the
2 2841  2.644 58.74 1342 —0.140 2821  Multiple quantum wells is filled.

1 2.787 2.633 59.80  1.339 —0.140  2.809 2. A model of radiative recombination in a 2D-structure
0.5 2.7112 2.637 5841  1.368 —0.129  2.801 with an exponential tail in the density of states provides a
02 2644 2632 5461 1469 ~0152 2846 4404 fit to the spectrum with a small number of fitting pa-
0.1 2.602 2.624 4575 1576 —0.115  2.807 The ch in th is evid ¢ vari
005 2564 2696 4027 1440 —0412 2781 rameters. The change in the parameters is evidence of varia-
0.02 2512 2.606 36.97 1384 —0.111  2.751 tions in the recombination mechanism with current. At high
001 2471 2.610 36.74 1.358 —0.112  2.743 currents a previously unobserved band is seen in the short-

wavelength wing of the spectra. This band appears to be
caused by the separation of phases with different amounts of
In in the InGaN wells.
J>10 mA. The approximation is shown in Fig. 3. The shift 3. The tunnelling component of the current in the mul-
in the spectra for the pulsed regime can be described withodiple quantum-well diodes is 3—4 orders of magnitude
changingE, and that for dc currents, without changingas  smaller than in analogous single quantum well diodes. The
T varies(Fig. 3a. The shift inf w . for high J is consistent  current-voltage characteristics of the LEDs have a segment
with Varshni’s formula,Egﬁ(T)zE(O)—aT2/(B+T) with corresponding to double injection into tldayers adjacent
parametersE(0)=3.07 eV, a=12.8x10 * eV/K, and to the multiple quantum wells. This is confirmed by the form
B=1190 K (Ref. 18. of the distribution of charge centers in the structures.
4. The radiative quantum efficiency has a peak which
depends on the current for lojw(J~0.5—-1x10"2 A). The

4.2. A new spectral band drop in 7, for J>1 mA can be explained by overflow of

The short wavelength rolloff of the principal line €lectrons from the active layer and their being drawn by the

changes with] in part because of the influence of anotherelectric field into thei-layers of the structure.
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The absorption of light by photoionization of deep impurity centers in quantum well
heterostructures is studied theoretically using a model with a maximally localized potential.
Analytic expressions are found for the photoionization cross sections for light polarized
perpendicular and parallel to the axis of the structure, disregarding the effect of the

impurity potential on the continuum electronic states. The dependence of the frequency variation
of the cross section on the charge state of the impurity after photoionization, as well as on

the position of the impurity in the structure and the doping profile, is studied qualitatively near the
absorption threshold. €999 American Institute of Physids$1063-782809)01504-3

1. Optical techniques for studying quantum-well hetero- 2. Let us consider the photoexcitation of an electron
structures yield extensive information on the structure androm a local level with energyE; to one of the two-
quality of the interfaces and can be used to estimate thdimensional(2D) subbands of the quantum-well system,
quantum-well width to within a monolayérA part of the  whose dispersion relation we shall assume to be parabolic
visible spectrum, which corresponds to rather distinct exciand isotropic, i.e.,

ton resonance lines, is used for these purposes, as well as for 2.2
many device applications in optoelectronic equipment. The Ek(k)zEg\O)Jr _ 1)
properties of quantum-well structures are determined, to a 2m,

great extent, by the presence of certain impurities and pointjerek is the 2D quasiwave vectop, is the subband number,
defects in them, which lead to the appearance of additiongt(%) is the energy of the subband edge the following, the
features in their optical absorption spectra due, in particulargnergy reckoned from the bottom of the lowest subband, so
to the photoionization of impurity centers. Substantial impu-tpat E(1°)=0) andm, is the effective mass. In the dipole

rity concentrations are required in order to observe these feggynroximation the total photoionization cross section can be
tures. Since the photoionization energy depends on the loc@yitten as

tion of an impurity in a heterostructure, the impurity band

spectra are spread out and this makes their resolution and 2m, Sa A 12 a2 12

interpretation more difficult. Despite these circumstances, 7x~ 2, fd KI(NK|épli)]#a(k*—kg), @)
the optical transitions associated with impurity centers are 0

accessible to experimental stutly. When impurities are in- whereSis the normalizing area of the structures= e?/%.c,
troduced bys-doping? it is possible to determine the loca- mj is the free electron mas§,is the polarization vector of
tion of the impurities from the location of the edge of the the photonzw is its energy,f) is the electron momentum
absorption band. The high sensitivity of the binding energyoperator, and

between a carrier and an impurity to changes in an external

electric field parallel to the axis of the heterostructureakes 2 2my
it possible, in principle, to change the location of the impu- w_?
rity optical absorption edge.

Shallow (Coulomb donor and acceptor impurities in The refractive index and local field coefficient, which takes
quantum-well heterostructures have been studied in som@to account the difference in the amplitudes of the local and
detail”® The structure of deep impurities of the nontransitionaverage macroscopic fields, have been left out of(Bgand
elements, which often play an important role in determiningthe binding energy of an electron at an impurity center,
the properties of a heterostructure, are less well underé’toodEi(o)E —E;, has been introduced. The matrix elemgxi)

In this paper we examine impurity optical absorption inof the momentum operator is calculated between electron
quantum well structures due to photoionization of deep imstates at the local levelii), and in the D subband\. The
purity centers. It is assumed that a localized state is formedymbol\ indicates that, when the Coulomb interaction of the
exclusively of states in the conduction band, and the impuexcited electron with the ionized impurity atom is taken into
rity potential is assumed to be a maximally localiZsthgu-  account, the envelope of the continuum wave function must
lar) attractive potential. In fact, this involves an analog of thehave the correct asymptotic behavtdrA function of this
standard Lucovsky formutdand a modification of it to ac- type for the D case can be found elsewhéfée?

count for a Coulomb interaction excited in the conduction 3. We assume that a deep localized state is formed by the
band between an electron and an impurity cetitéf. 2D quantum-well subbands of the conduction band. For de-

[ho— (EQ+E)]. 3)
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scribing the localized states we shall use the method of ereero-radius-potential method is used to describe deep impu-
velope functions in the effective-mass approximaficfhe  rity states in thin semiconducting filtisand quantum-well
one-electron envelope functions for free motion with a defi-structures®

nite transverse quasimomentum have the form 4, Specifyingm():fh(z)(p(ki)(p), where<p§\;)(p) is the
2D continuum envelop® the matrix element that deter-
p
INK)= ieikpf)\k(z) (4) mines the photoionization cross section can be written in the
' form

Here the coordinate is directed along the axis of the het- _ . -
erostructure, ang is the transverse2 radius vector. Since (Nk|§p|i>=f ool (p)€,0,%,(p)
the characteristic spatial scale of the localized state is, at
least, considerably greater than the interatomic distance
and that the main contribution to the expansion of the wave
function|i) over the basi¢4) is from states wittk< a ! we
shall disregard the dependence of the one-dimensioria) (1 where¢,, &, andf)p, f)z are the perpendicular and parallel
envelope of the wave functiorf),(z) on k, and write  (relative to the heterostructure axisomponents of the po-

fro(2)=1\(2). In the model of a maximally localized poten- |arization vector and the momentum operator, respectively,
tial, the Fourier transform of the envelope of the wave func-, 4 p;x = [dz T (2) P, (2).

tion, which corresponds to the contribution of thB Zub- Equation (8) implies that, when the localized state is

band to the localized state, has the form formed by states only from the lowest € 1) subbands, im-
£*(2o) purity absorption of light polarized perpendicular to the het-
_— (5)  erostructure axis can only occur when an electron is excited

Ex(k)—E; from an impurity level into thev=1 sublevel. On the other
wherez, is the coordinate of an impurity atom in the hetero- hand, when light polarized along the heterostructure axis is
structure, andh is a common normalizing factor. In the case @bsorbed, then the transitions to the=1 subband are for-
of the dispersion relatiofl) we have bidden. In this case, only one term with=1 andp'=0 is
left in the sum(8). Allowance for contributions from other
_ Kix > 2My 0. 0 subbands in the localized state cancels selection rules of this
Vy(p)= \/_;KO(KMP): Km—?(Ex +E7), (6 type, but, within sufficiently narrow quantum wells, where
the distances between the edges of the quantum-well sub-
whereK(x) is a modified Bessel function of the third kind. bands are very large compared to the binding energy of an
The energyE; of the localized state is found from the equa- electron with an impurity center, the contribution from the

+> [ J a2l ()W (p) [E0D . (®)
}\!

P, (k)=A

tion lowest subband dominates in the photoionization cross sec-
tion.
Uoa® S s 2 d?k 1 . 5. We now consider the simplest case of the photoexci-
2m)2 K A(20) Ex(k)—E ™ () tation of an electron from an impurity level into the lowest

subband, assuming that the localized electronic state is
where U, is a phenomenological parameter characterizingormed exclusively by states from that subband. In addition,
the magnitude of the impurity potential. The contribution of we shall ignore the interaction of the excited electron with
the 2D subband\ to the energy and the envelope function of the potential of the impurity center. In this case, the envelope
the localized state is therefore determined by the values dlinction of the final state has the for(d), the matrix ele-
the 1D envelopes at the sitg, of the impurity atom. If we  ment (8) between envelope functions of the localized state
assume, for example, that the localized state is formed onlgnd continuum states in the lowest subband is easily calcu-
by the lowest {=1) subband(this approximation is ad- |ated, and forhw=E(® the photoionization cross section
equate if the separation between the edge of the lowest subakes the form
band to the other subbands is much greater than the binding
energyE(”), then the position of the impurity shows up in o, =1672aa’¢(E{")X(hw) *(hw—E), 9
the envelopd5) only through the dependence of the binding
energy onz,. Including the other subbands changes the situwherea?=m,%2/2m2E(?). Equation(9), the 2D analog of
ation somewhat: the weight of the enveld@g with a given  Lucovsky’s formulal® describes the photoionization of a sin-
number\ can be determined substantially by the value of thegly charged negative impurity ion in the ground state.
1D envelopes of the corresponding subbands at the site of The plot of the function(9) has a peak corresponding to
the impurity atom. hw/E®=3/2 with magnitude

The Lifshitz method, which is used here for describing

the deep electronic states, is semiphenomenological. Here 4\3 5 2.2
the experimentally determined parameter is logically as- o1 =\ 3] TedlE,.
sumed to be the binding energy of an electron at an impurity
center. When its value is known for sorag, Eq. (7) can  Note thato{™e (E{®) . For E(Y~0.1 eV, Eq.(10) gives
then be used to determine the paraméigr as when the o{™~10"%" cn?.

(10
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The photoionization cross section for transitions to athreshold value of the same order of magnitude as given by
subband\ # 1, which are possible for light polarized parallel Eq. (10). For Z<0 the cross section at the photoionization
to the heterostructure axis, is given by threshold is exponentially smallg;«exp(—27Z/k, a*).
When#w>E® | the frequency dependence of the cross sec-
tion has a universal dependence for arbitraryr; <o 2.

m -2 The absorption of light polarized along the heterostruc-
hwo—(EQ+E®)+ m—lEi(‘))) . (1)  ture axis can be studied in a similar fashion. For
A ﬁw>Ei(0), for example, the frequency dependence of the

Here a?=a?|phY22mEQ@«(E®)72, and #w=E{”Y  cross section also has a universal dependence for arbtrary

+E© . Equation(11) has a finite(and its highegtvalue at  oy<w 3. ForZ>0 the cross section, just as fér=0, has a

oy =16m2aa’2(E(*)3(hw) *

X

the photoionization threshold,w=E§\°)+ Ei(o): finite threshold value, while foZ<0 it is exponentially
small.
o= 1672032 ﬂ)z Ei(O) " 1 7. Equations(9) and (11) for the photoionization cross
A M) EO4+EQ EOEQ+ED) section were obtained under the assumption that the atoms of

(12 the dopant impurity lie in a single monatomic layer of the
heterostructure corresponding to a certain value of the bind-
ing energyE(?)(z,). In real heterostructures the doping pro-
file, which determines the distribution of the impurities with
respect to the binding energy, may have a significant effect
on the frequency dependence of the absorption. The attenu-
ation of a light flux directed along theaxis coincident with

the axis of the heterostructure is given by

When the inequalitye{"’>E(? is satisfied, the threshold
value of the cross sectigii2) is much smaller as the number
of the quantum-well subband increases.

6. If the impurity charge is nonzero after photoioniza-
tion, then for<p§;)(p) it is necessary to use the correct con-
tinuum wave functions, which take into account the Cou-
lomb interaction of the excited electron with the charged
impurity center. Again restricting the analysis to a simple
model for the impurity center, i.e., considering only the con-
tribution of the lowest ® subband and, therefore, when con-

sidering the absorption of light polarized perpendicular to thepurity atoms(the dopant is assumed to be homogeneous in

heterostructure axis, only the first term in E§), in ap layers perpendicular to the heterostructure Yaaisd the in-
X(p) we can distinguish components that correspond to Val’[egral is taken along the coordinate of an impurity atom

uesm==x1 for the projection of the angular momentum within the structure. The photoionization cross section de-

qnto the hetero;tructure axis, which give a nonzero Com_”bubends on the position of the impurity atom through the bind-
tion to the matrix elemen(8). For the corresponding radial ing energyE(O)(z )
i 0/

envelope function we ha'é In the case of deep impuirities, it is easy to find the func-
tion Ei(o)(zo), if, as before,we assume that the impurity state

ﬁ(w):f Ni(zZp) 1(29,)dZy, (16)

whereN;(zy) is the volume concentration of the dopant im-

1 iz
¢(1;1)=Tcz(k)p exp(—ikp)F| 5+ 7.3;2”(;)) : is formed exclusively from states in the lowedd Zubband.
S a (19 In this case, in accordance with Eg), we have
whereF(a,B;2) is the degenerate hypergeometric function, EO)(z,)~ 7*h? exd — 1 a7
a* =sh?/m,e? is the effective Bohr radiuss(is the dielec- L omya? w(zo)/)’
tric constan), Z is the charge(in units of the elementary h
charge of the impurities after photoionization, and where
3
1 22 1/2] 207 —-1/2 B mlUOa )
_ol2| = _ W(zp)= ——1|f1(2p)|% 18
Cz(k)_z 4+ kZa*Z) 1+ ex o ( 0) o mh2 | l( 0)| (

(14 The function(17) has a rather sharfin contrast with the

is the Sommerfeld factoZ>0 corresponds to attraction of Coulomb impuritie&’) maximum at some poirtgy,, which
the electron to the ionized impurity a0 corresponds to IS also the maximum point for the function of EG.8). Ex-
repulsion. panding the latter in a series in powers Df— z,,,, while

No closed expression in the form of special functions istaking into account the equation for th&lenvelopef,(z),
known for the matrix elemen8) with the wave functions We can approximate Eq17) in the neighborhood of the
(13), but it is easy to determine its limits. In the limit POINtZom by

k—0, for example, we havé (20— 201)?
. E((z9)~E™exy — ——"|, (19)
3 iz _ 2p A2
Fl5+—32kp |=30| 2/ |, (19 -
ka a where EM=E"(z,.), and A%=%2w(zg,)/mE{?. Here

and at the absorption edge the frequency dependence of tlﬁéo) is the energy of the edge of the lowest subband relative
photoionization cross section is actually determined by theo the bottom of the quantum well. The parameiemwhich
Sommerfeld factor. FOZ>0 the cross section has a finite determines the width of the peak of the functidr), is on
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impurity states by the Lifshitz methd@dubject to the limita-
tions mentioned abovdo the solution of the effective mass
equations for the electron envelope function in a rectangular
quantum well in the presence of a singular attractive poten-
tial localized at the site of an impurity atofiThis solution,
which is found inr-space and which accounts for the differ-
ence between the effective mass of the electron in the quan-
tum well and barrier structures, is naturally fully equivalent
to the solution(5) of the equation for the Fourier transform
of the envelope function if the electronic states in all the
L L quantum-well subbands ik-space are considered. In fact,
1 2 3 the electron envelope functions in a system with a maximally
localized potential are simply the Green'’s function taken for
FIG. 1. Optical absorption by a quantum-well structure as a function ofthe appropriate allowed energies given by E@ or an
frequency(schematig for (1) 5-doping of the layer at=zo,, Eq.(9), and  equivalent equation found in Ref. 18. This approach to de-
szi;]l;:':(:meizp\g?ixr:'i:;_thﬁe ‘;ET,E{' es of the quantum well, £20). The o jping deep impurity states, including both the singular and
e long-range(Coulomb impurity potentials, has been studied
previously?™"
the order of a few times the interatomic distance for the It iS comparatively easy to establish that calculating the
typical E©~50 meV andUy~1 eV and the characteristic optical matrix e_Iements for transitions bgtween the elect_ron
width ~10a of a quantum well. Thus, if the doping profile envelopg functlon§, fognd n Ref. 18, yields the selection
varies only slightly over distances A, then the dopant im- rules pointed out in this papdwhich naturally _reflect the
purity concentration in Eq16) can be regarded as constant Zﬁrrgr?ggf CI); tzgnss)i/j(taer;nb?)l}hr?lg?: éﬁ?ﬂ%%?;%l:;ae“zgzl ggzecsehot
?:sdtrii?:g It;ﬁézg{pgé:;gntg ifllﬁgsdggiwsergegg? can be provide simple analytic expressions for the photoionization

The quantityB(w) corresponding to the cross secti@ cross section such as Eq9) or (11). A study of the fre-
can be calculated easily: quency dependence of the cross section shows that, both for

hw<<E; and the opposite limit, the dependences obtained in

S S
[N\ (Y}
1 T

=
-
I

Absorption, arb. units

1 - _ this paper have a universal character which appears to be
B(x) e & X[ D (VInxp ) =@ (VInx™H) H(1-x)] entirely natural, since each term of a Gilbert-Schmidt expan-
sion (over the quantum-well subbandsr the Green’s func-
J2 _ tion yields the correct asymptotic behavior in the limits
—7[(1)(\/Inxm7)—<D(\/Inxfz)ﬁ(l—x)] . w—0 andw— .

The most important restriction imposed on using the Lif-
(20 shitz method for quantum-well structures with the simplifi-
Herexzﬁw/Efm), Xm=exp(—L%A?), 2L is the width of the ~ cations mentioned here is the condition on the depth and

doping prof"e inside the guantum Wd’,(f) is the probab”- width of the quantum wells: The method is falrly effective if

ity integral, 9(¢) is the Heaviside step function, and the E{®«#2/m;d?, which is an estimate of the position of the

factors which are unimportant in the frequency dependencérst quantum-well level in an infinitely deep quantum well of

have been omitted. Note th@(x) has a maximum that is width d, is much smaller than the magnitudé . of the gap

considerably shifted toward lower frequencies compared tin the conduction band of the heterostructure, which deter-

the case ofs-doping forz=zg,,, as shown in Fig. 1. mines the depth of a real quantum well. In the opposite lim-
8. A study of the energy spectrum and electron envelopéting case of relatively shallow and wide quantum wells, an

functions in quantum-well structures with deep impurity cen-adequate description of the dependence of the binding en-

ters using the Lifshitz methdfl yields physically under- ergyE; on the location of an impurity in the structure can be

standable and quite intuitive results. The peculiarities of thdound by direct solution of the effective mass equation ob-

band structure of idealwithout impurity atom$ quantum-  tained in Ref. 18.

well systems are already taken into account in the very state- o . - . . .
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A study is made of the field dependence of the photoconductivity in two-layer Si:Sb- and Si:B-
structures with blocked impurity-band conductivity and different thicknesses of the undoped
(blocking layer. The impurity concentration in the dopédctive) layer was~ 10" cm™ 2.
Measurements were made at temperatilirest— 15 K for high (&~ 10'® photons/crf- s)

and low (@ < 10" photons/cr- s) incident photon fluxes. A photovoltaic effect is observed in the
Si:B structures with a thi3 um) blocking layer. It is found that a photovoltage develops

for photons with energies exceeding the ionization energy of boron and its magnitude is
independent of the photoexcitation intensitgr ® > 102 photons/cr-s) and, in the

limit of low temperatures, it is close to the activation enesgyfor jump conductivity in the

active layer. The photovoltaic effect is explained by ballistic transit of the blocking layer by holes
emitted from the contact which are then cooled in the active layer, as well as by the

presence of a potential barriere; between the active and blocking layers. These factors are
taken into account in a model for describing the major features of the dependence of

the photovoltage on temperature and on the photon intensity and energy99® American
Institute of Physicq.S1063-782309)01604-X

1. INTRODUCTION ®=10"-10" photons/crA-s (Ref. 2. The high sensitivity
of BIB-structures is achieved through the use of a blocking

Itis known that when inhomogeneously doped semiconjayer, which greatly reduces the dark conductivity due to
ductors equipped with ohmic contacts undergo monopolagransport of carriers through the impurity band in the doped
photoexcitation, a stationary photovoltaic effect should notegion. Here the free carriers produced by photoexcitation
occur! The case in which one of the contacts is a Schottkytan move unimpeded under the influence of an external field
type barrier and the energy of the incident photons exceedg the direction of the front contact toward the blocking layer
the Schottky barrier height is an exception. The photovoltagend thereby make a major contribution to the photocurrent.
which occurs then is caused by photoemission of charge car-  Considerable attention has recently been devoted to re-
riers from the contact, because some of them absorb a photgarch on BIB-structures with a rather high level of doping
and are drawn into the volume of the semiconductor by then the active layer, in which high electric fields cause a sub-
field at the contact as their energy relaxes. stantial shift of the photoconductivity threshold toward

In this paper we report the observation of a photovoltaidonger wavelengths than observed in conventional Si photo-
effect during impurity photoexcitation in silicon structures conductors™> Here, however, there is a pressing need to
(referred to as BIB structuréselow) with ohmic contacts reduce the dark currents due to thermal generation of free
consisting of two epitaxial layers: an active layer with a highcarriers and their multiplication as a result of collisional ion-
doping level and a blocking layer with a low impurity con- ization of impurities. In this regard, there is some interest in
tent(Fig. 1, typeA). These structures are of interest becauseastudying the mechanism of photoconductivity in BIB-
of the possibility of creating miniaturén matrix form) in-  structures for low bias voltageg, . It is natural to expect
frared sensors with a detectivity close to the maximum posthat under these conditions a dominant role will be played by
sible determined by fluctuations in the cosmic radiationthe field at the potential barrier at the interface between the

1063-7826/99/33(4)/7/$15.00 440 © 1999 American Institute of Physics
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h
a v b hv FIG. 1. Si:B structures with blocked

- [ conductivity across the impurity

band. Type A: front contact,
pt=10°cm 2 (thickness d,
Front contact,p*
Active layer,p

=0.1um); blocking layer,Ng<5
X 10" cm 3 (d,=3 um); active re-
gion, Ng=10"®cm 2 (d,=6 um);

Active layer,p —— Y + back contact,p*=10"cm 3 (d.
’ [ Blocking layer,i [ =15 um). TypeB: p+’GQJ.lZSiO.88

Front contact , p* ——
Blocking layer,i

alloy contact; 4.5um-thick active
Rear contact,pt _____ layer; the remaining parameters are

Non degenerated as in typeA structures.
substrate — 1

Rear contact,pt ——

Non degenerated
substrate

active and blocking layers due to the contact potential differ- ~ The photocurrentk,, at high IR illumination levels were
ence between materials with very different doping lefels. measured using an optical cryostéxford Instruments
We shall show, however, that photoemission processes in thegith an SR-580 low-noise preamplifier. Photoexcitation was
regions of the contacts can also play an important role in th@roduced by a room-temperature background incident on the
photoresponse of BIB-structures wheg=0. It is interest- sample through a cooled Si filter from the warm parts of the
ing that the photovoltage which arises in this case is indeeryostat and spectromet&rucker IFS 113y
pendent of the photoexcitation intensity, and that its highest The experiments with low photoexcitation intensities
value Vg, is determined by the activation energy for  were done using a cryogenic cell mounted in a Dewar flask
jump conductivity in the active layer. with liquid helium/ The photoexcitation source was a
Pb,_,SnSe semiconducting laser with an emission wave-
lengthA =5.25 um mounted in the cell. The output intensity
2. SAMPLES AND TECHNIQUES of the laser was initially calibrated using a standard

We have studied epitaxial Si:Sb and Si:B BIB-structuresS-Ga photoresistor. The photocurrent was measured with
with similar doping levels in the active layeNg=Ng=1 & 7cltirrent—voltage amphﬁqr W|th_ a sensitivity of ab_out
X 10' cm~3). The technology for fabricating the samples 10" *“ A. Because qf the high resistance of the test objects,
has been described in detail elsewHetelhere were two the contact potential on the active layer relative to the
types of Si:B BIB-structuresA and B (Fig. 1), which dif- ground,¢,, anq the cpntact potential on the blocking layer,
fered in the contact materials at the active layer and in th&b» Were monitored independently. The contacts were con-
sequence of depositing the epitaxial layers on the substratBected to the input of the current-voltage amplifier and to the
In the typeA structures the contact with the active layer wasPOWer SUpply, respectively. The bias voltaggon the struc-
degenerate Si:B, while in the typB structures it was a Ure was determined as the differenég= (¢, — ¢a). This
heavily boron-doped Ga.Siygs solid solution. In the first Method of recordingVy, eliminated any influence on the
case, an active layer was first deposited on the substrate afRHrrent-voltage charactens.tlcs from the shuntmg effect of the
then a blocking layer was grown on it. In the second case’0tage measurement devi¢an HP 3457A multimeter as
the layers were deposited in the reverse order. The type d¥€ll @ from parasitic photovoltages.
the Si:Sb structures was analogous to tppbut in them the
blocking layer was considerably thickedy=10 pm) than
in the Si:B BIB-structuresd,=3 um). The thicknesses and
impurity contents of the layers were determined through  Current-voltage characteristics for the Si:B and Si:Sb
layer-by-layer etching of the structures in an electrolytic cellBIB-structures taken at different temperatures with the same
using the spread resistance method. Note that the distinctiyghoton fluxd®~ 10** photons/crf- s are shown in Figs. 2—4.
feature of the objects being studied here was their rather lowor the Si:Sb BIB-structures with a thick blocking layer, the
concentrations of compensating centers in the doped regionghotocurrent ;=0 for V,=0, which indicates the absence
as well as of majority impurities in the undoped Si layers of a photovoltaic effect. The opposite situation is observed in
(<10" cm 3).4° the Si:B BIB-structures. In this case, the current-voltage

The current-voltage characteristics were studied at temeharacteristics do not pass through the coordinate origin and
peraturesT=4—15 K at both high ¢ ~10' photons/crA  the photovoltages at the intersection of these curves with the
-s) and low (@<10" photons/crA-s) incident photon abscissa are opposite in sign for the typandB structures.
fluxes. The photovoltag¥® .. and the short-circuit current In the type A structures the photovoltage corresponds to
Isc were determined in the standard way from the intersecmovement of holes from the blocking layer toward the active
tion of the current-voltage characteristics with the abscisséayer, while in the typeB structures, the motion is in the
and ordinate, respectivelyThe spectra of the short-circuit opposite direction(The resulting signs of the charge at the
current,Alg., over wave numbers of 280—480 chhwere  facets of the structure are indicated in Fig. The insets in
also studied for high levels of background illumination. Figs. 2 and 3 show the corresponding temperature depen-

3. EXPERIMENTAL RESULTS
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FIG. 2. Current-voltage characteristics of typeSi:B BIB-structures at dif-  FIG. 4. Current-voltage characteristics of tyfeSi:Sb BIB- structures with
ferent temperatures obtained during illumination by a semiconductor IRa thick blocking layer §,=10 um) at different temperatures. The illumi-
laser (. =5.25 um, &~ 10 photons/crA-s). The inset shows the absolute nation conditions are the same as for the Si:B BIB-structures.
magnitudes of the photovoltagé,s and short-circuit currents. as func-

tions of temperature.

We now consider the spectral measurements of the

o short-circuit photocurren(figs. 7 and 8obtained under con-
dences of the photovoltvoltagén(T) and short-circuit cur-  gitions of room-temperature illumination. It is clear from
rentl¢(T) for type A andB structures. It can be seen that in Fig. 7 that in typeA structures the photocurrent spectrum
the typeB structuresVen and I attain high values, with | contains a distinct threshold at 355 cin(denoted by
Vemt depending much less strongly on temperature. When 4 arrow in Fig. 7, which corresponds to a photon energy of
is increased from 4 to 10 K, the photovoltage in a type p;,—44.0 meV, essentially the same as the ionization energy
structure decreases by a factor of 5 and in a Béructure,  for an jsolated boron impuritEg=44.39 meV8 In contrast,
only by 20%. These structures shared, however, the absenggi, typeB structures(Fig. 8 a “long-wavelength tail”

of a dependence d¥,; on the intensity and the spectral gpows up in the photocurrent spectrum beginning at
features of the exciting radiation. To within the accuracy of

the experiment, we were unable to observe, in either case, a
change in the photovoltage when the intensity of the laser . , .
light was reduced by roughly an order of magnityBgys. 5a It a

and 5B, although the short circuit photocurrent fell quite 2k
sharply (sc>®). Figure 6 also shows plots df,(V}) for a
type A structure irradiated by room temperature background. <
The current-voltage characteristics give the same sign for the = g
photovoltage as in the case of laser excitation. The values of N
Vems at different temperatures also agree with good accuracy

(see the data in the insets in Figs. 2 and 6 -2 £ -
—3 1 | i i 1 L ]
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FIG. 3. Current-voltage characteristics of typeSi:B BIB-structures at dif-

ferent temperatures. The illumination conditions are the same as for th€lG. 5. Current-voltage characteristics of Si:B BIB-structures for different
type-A structures. The inset shows the absolute magnitudes of the photdaser fluxes ®,~ 10" photons/cri-s): (a) for typeA structures,
voltage Vs and short-circuit currents. as functions of temperature. T=4.3 K; (b) for typeB structuresT=6.5 K.
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FIG. 6. Current-voltage characteristics of tyfeSi:B BIB-structures for FIG. 8. The spectral variation in the short-circuit current for a tBp8&i:B
T=6 and 9 K, obtained with illumination by the room background. The BIB-structure afT=6 K.

inset shows the absolute magnitude of the photovoliagg as a function

of temperature.

layer (a p/p* junction), where boron impurities are no
longer isolated.

310cm ! (hvy=38.4 meV) and a region wher®l, rises

rapidly (an additional thresho)ds observed above 403 ¢cth 4. DISCUSSION
(hv=50.0 meV), i.e., significantly shifted compared to the
type-A structures. Note that our recent studiesthe photo-
conductivity spectra of Si:B BIB-structures at rather high
reverse bias voltage¥,>0 (the photoresponse of BIB-
structures is then c_jete_rmlne_c_i enprely by the _blocklng Ihyersince there is no photovoltaic in them when the blocking
show that the major impurities in the blocking layers are s

. ) . layer is thick.

isolated boron atoms. Given this fact, as well as the features
of the spectral variation in the short-circuit current men-Band diagram

tioned above, we conclude that in typestructures the pho- The band diagram of these structures under equilibrium
tovoltage is determined by junctions which exist near the.onqitions is shown in Fig. 9. It is evident that the /i

. . . + . + . . .

interface between the blocking layer with'-Si (@ p™/i  j nction is a potential barrier for holes, with a heigig

junction) and the active layetan i/p junction. Here the  jetermined by the location,, of the Fermi level in the bulk
absence of a photovoltaic effect in Si:Sb BIB-structures Of(near the middlgof the blocking layer, i.e.

type A with a thick blocking layer suggests that the photo-
voltage originates in photoemission. At the same time, in  #1=up=Eg—KTIN[(Ng—Ng)/Ng], 1)

type B structures, as will be shown below, photoemission, pareN andN?% are the concentrations of boron and com-
effects play an important role in the region of the interface,ensating donor, respectively, in the blocking layer. On the
between thep”-Gey1:Skgs heterocontact and the active gier hand, the transition from the blocking layer to the ac-

tive layer is accompanied by a drop in the potential energy of

We shall first examine the features of the band diagram
of these structures, as these essentially provide a key to un-
derstanding the mechanism for the photovoltaic effect. Here
we shall not consider the/p* junction in typeA structures,

holes by
0.20
b
I
2 0.15 i —oilotope si
S P SL: IP S p7 68,50
s ‘ /5 |
® 0.10 I\ :
i | \( |£v Fu
lLL
A
0.05 o o ’ A€,
y 4
g 1 JE - - __Spj__ | _ Y
280 320 360 400
VA, em”7 FIG. 9. Equilibrium band diagrania) for a typeA Si:B BIB-structure;(b)
of a heterocontact for a typR-Si:B BIB-structure.IB impurity band, «
FIG. 7. The spectral variation in the short-circuit current for a tpp&+:B Fermi level,E, ceiling of valence bandg:g ionization energy of impurity

BIB-structure afT=6 K. boron, 5 activation energy for jump conductivity.
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$2= (1o~ pa) =23~ KTIN[(NE —NE)/NE]. @ sl s -5 |
Here u, is the position of the Fermi layer in the active layer } ;Ge si
relative to the top of the valence band, angis the activa- | o 0%
tion energy for jump conductivity. Under jump conductivity { 2%
conditions with a constant jump length,~ (Eg—¢3) and is %Z%ZZ‘ ZEZZZZZZZQ
temperature independeéhfccording to Ref. 6, 4 A _bm?% H

7

5= 0.9%2NY x, &) 7% ’77%
wheree is the electronic charge, andis the dielectric con- . <, J, —>
stant. For sufficiently high doping levels approaching the Je —> -1,
critical valueN., which corresponds to an insulator-metal 2 J 5
transition[for boron in SiN.=(5—7)x 10" cm™ 3 (Ref. 9, 11 @ -
the experimentally measured valuesafcan be significantly 4

lower thf.?m thE_! value 0,%3 glven by Eq.(3). On_e of the FIG. 10. Diagram of the major energy transitions to illustrate the mecha-
reasons is an increase in the width of the impurity band dugism of the photovoltaic effect in typa-and typeB Si:B BIB-structures.

to overlap of the wave functions of resonant stafels es-
timating x5 we shall proceed from the fact that the broaden-
ing is symmetric with respect to the positions of the unper-determined by the concentration of the negatively ionized
turbed levels of the boron atoms and choose the theoretic®oron atomssee Fig. 9and is estimated to be no larger than
value for e3. For Ng=1x10¥cm 2 we have the average distance between impuri&8 nm.
e3~12 meV, which corresponds tp,~32 meV [the ex- Therefore, an analysis of the experimental data and the
perimental value of ;~6 meV (Ref. 11)]. Note that Eqs(1) band diagram for these structures shows that, in the case of
and(2) assume the existence of an electrically neutral regiothe typeA structures, the threshold in the short-circuit cur-
in the blocking layer. This is valid provided the thickness ofent spectrumil. is in good agreement with the internal
the blocking layed,> (W; +W,), whereW; andW, are the ~ Work function (¢,) for holes from thep - Si contact moving
widths of the space charge regions at the left and rightnto the blocking layer. In addition, in the tyd® structures
boundaries, respectively, of the blocking layer. In the apthere is a certain correlation between the additional threshold
proximation of a uniform distribution of the compensating in the Als. spectrum forh»=50.0 meV and the value
donors, we have $4=52—63 meV, especially if we include the possibility of
subbarrier tunnelling by holes in this case.
Wi = (k1 J2meN) 2 (4)

In fact, however, the donors are not distributed uniformly. [nMechanism for the photovoltaic effect

the bulk of the blocking layeN§ <5x 103 cm™2, while in There are several important reasons for the photovoltaic
the active layeNp=2.5x 10" cm ™2 (Ref. 5, so that we can  effect in these samples. One is the rather long ballistic flight
only speak of effective values ofV;,. For Nj~1 path of photoemission holes in the blocking layer, where
X 10" cm™3, Egs.(1), (2), and(4) imply thatW, ,~0.8 and  their momentum collision time and energy relaxation time
0.4 um, respectively. In other words, the condition are controlled by acoustic phonons. It is also important that
dy,>(W;+W,) should, in principle, be satisfied. holes can be trapped inelastically in the active layer on neu-
The typeB structures have a different band diagram fortral boron atoms with the emission of a single acoustic
thep/p™ junction. At the Si/GgSi; _, interface, it is known phonon'®!’ so that the time for the photoholes to transfer
that there is always a discontinuityE,, in the valence band, their excess energy to thermal lattice vibrations in this layer
whose magnitude depends wiithe Ge content™ It is clear  may be considerably shorter than in the contact regions. The
from Fig. 9 that when AE,— ) >, (un is the Fermi  resulting fluxes of highly energetic holes are then directed
energy in the heterocontact GgSi;_ alloy doped to de- from the contact regions toward the active layer, and in the
generacy forms a barrier contact with Si. The height of thesteady statéopen circuit conditionsthey should be equili-
Schottky barrier can then be written brated with the fluxes of predominantly thermal holes that
are thermally excited from the active layer. This circum-

=(AE,— upn)— ma= ps— i - . . X o
$3=(AE, ~un) ~ Ha= da~ Ka, ®  stance is clarified with the aid of Fig. 10 which illustrates the

where ¢, is the internal work function for holes from the main currents responsible for the photovoltage.
heterocontact into the active layer. For an estimatg-ofwe With laser photoexcitation the initial hole energy

rely on the data of Ref. 12. For a doping level of46m 2  is determined by the photon energhr=236 meV
andx~0.1, the Fermi leveu,~38 meV. The calculations (A=5.25um) and is significantly greater than the optical
of the discontinuity in the valence band discussed in Ref. 1phonon enerdy in Si [ wop=63 meV]. Thus, the initial,
give somewhat different values &fE, : AE,[eV]=0.84 most rapid stage of energy relaxation is associated with the
(Ref. 13 and AE,[eV]=0.75 (Refs. 14 and 16 Thus, emission of optical phonon&ig. 10, transitionl). After

for x=0.12 we obtain AE,=90—101 meV. Since three phonons have been emitted, the hole energy is 47 meV,
na~32 meV, we have ¢3=20-31 meV and ¢,=52 i.e., it will still exceed the barrier height at tipe' /i junction.

—63 meV. Note that the width of the Schottky barrier is Note that this energy is sufficient for hole photoemission:
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hv,=44 meV, while the maximum of the photovoltaic ef- expect that, in our case,~5x10 3s, or certainly less
fect occurs ahv=50 meV (Fig. 7). The next energy relax- than the energy relaxation time at acoustic phonons,
ation step(transition2) is determined by the interaction with ~10"°s atT=10 K.1°
free holes and acoustic phonons, and those photoholes which In this situation the fluxed,, and J,, of high-energy
diffuse into the blocking layer interact only with acoustic holes should neutralize the negatively charged acceptors and
phonons. The carrier mean free patithen reaches a maxi- cause buildup of a positive charge in the active layer near the
mum, and ifl ;> (d,—WS,) a hole can reach the active layer i/p- andp/p™ junctions, respectively. Here the barrieps
(transition3). Let us estimaté, . It is known thatl , is inde-  and ¢5 decreaséFig. 9) for the thermal hole fluxe§,t and
pendent of the carrier energy for scattering on acoustid,; directed from the active layer toward the contadtgy.
phonons? i.e., 10). In the steady statd = 0): J;,=Jy1 andJ,, = Jp7. ON

the other hand,

mh4ps? 2ms

= :l , 6 ¢ , 3P
m’EkT ° KT © J1 T prex _%

a

¢2,3<I)
W) @

wherep is the density of the crystas,is the speed of sound, wherep; is the concentration of thermalized photoholes in
mis the effective mas<. is the deformation potential con- the active layer, andp, 5 are the values of the potential
stant, and, is a constant with the dimensions of length. Theparriers ¢, 5 with IR illumination. the potential difference
values ofl o andms” required to estimatk, are given in Ref.  that develops between the facets of the structures during pho-
19. AtT=6K, 1;=2.8 um for holes in Si and 4.5um for  toexcitation is determined by the change in the barrier

electrons. The absence of a photovoltaic effect in Si:Sb BIBheights! In typeA structures, Eq(2) and the equality of the
structures thicker thad,=10 um is not, therefore, surpris- fluxes imply that

ing and nor is the large drop in the short-circuit current

:Jl,ZeX —

above 7.5 K in typeA Si:B BIB-structures withd,=3 um eVa= —€Vemi= ~ (2~ ¢20)
(see the inset in Fig. )2 Consequently, in Si:B BIB- NE—NX\ 3
structures conditions are such that a fllix of highly ener- -— { e3—kTlIn u) 1 ] ] _ (8)
getic holes develops from the™—Si junction toward the N5 J1e
active layer. oo
In typeB structures there is an additional counterstream-S imilarly, for a types structure,
ing flux J,, directed away from the " -Ge, ;,Sij g5 hetero- eVg=— (¢~ d29) T (P3— P30)
contact(Fig. 10. The magnitude of the flud,, can exceed . e
J1., Since it includes holes with energies greater than that of = hy—£4+kT{ In Ng—Np| Js —In( 32)
an optical phonoritransition4), which is attributable to the 3 s x ) Jg, 3. [

narrowness of the potential barrier. Figure 10 also shows a
two-step 4-1 transition which includes subbarrier tunnel- ©
ling of holes into states in the valence band. We attribute thé&quations(8) and (9) imply thatV, and Vg depend on the
threshold ahv=38.4 meV in the spectral dependence of therelationship among the currenis,, J,., J;, andJ, which
short-circuit current for typ® structuregFig. 8) to the pos- are proportional to the concentrations of the high-enqrgy
sibility of transitions of this kind. As Fig. 9 implies, subbar- and thermalp; photoholes. In turnp, and p; are propor-
rier tunnelling can, in principle, occur for photon energiestional to ®. This implies that the photovoltage should not
hv> u,; we estimate thaf:, is ~32 meV. depend on the photoexcitation intensity, as is observed ex-
The mechanism by which photoholes are cooled in theperimentally. Furthermore, according to E¢8) and (9), a
active layer is different. Here the initial relaxation stage islinear extrapolation oV, andVg to T=0 can be used to
also associated with the emission of optical phonons. Howestimates 3 and (¢;— 3), respectively. Using the data in the
ever, when their energy is less tham,,, the next relax- insets in Figs. 2 and 3, we obtais~9.6 meV and 3
ation step may be entirely determined by inelastic capture of-£3)~13.3 meV, i.e.,$3~22.9 meV. These values are
holes by neutral boron atoms with the emission of a singleconsistent  with  the earlier theoretical estimates
acoustic phonoritransition5).2%1” The binding energy of a s3~12 meV and$;~20—31 meV. Note also that Eq$3)
carrier with a neutral center is fairly low and, in the case ofand (9) predict a weaker temperature variation fég than
isolated impurities, is 0.05 times the ground state energyor V,. This is essentially related to the different directions
(Eg). In our case, the concentration is relatively high and theof the hole fluxes, both thermdh; and J,, and high en-
states of the neutral boron atoms formAn-band® Part of  ergy J;, andJ,,. In other words, at sufficiently low tem-
the trapped holes are thermally ejected back into the valengeeratures, the differences in the shapes of the barriers at the
band (transition 6) with energies determined by the lattice left and right boundaries of the active layer in tyBestruc-
temperature and part undergo indirect recombindfiat  tures do not affect the development of the photovoltaic ef-
negatively charged acceptdisansition7). The cooling time  fect. However, the photovoltages produced by these barriers
for the holes in this case is determined by the timefor  are opposite in sign and this compensates for the temperature
them to be captured at neutral boron cenférshich can  dependence oz to some extent. Note that fdF>6 K the
reach7y=5x10 12 s in weakly compensated Si:B samples ballistic flight path for the holes becomes shorter than the
with Ng~10 cm 2 (Ref. 20. Since 7ox1/Ng, we might  blocking layer thickness; this is accompanied by a reduction
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2

Undoped a-Si:H films implanted with silicon ions(dose 1&°—10%“cm 2, mean energy
£=60keV) at room temperature have been studied. The following results of the interaction

of such films with ion beams have been established: formation of defdatgling Si—Si bonds

in the neutral state[®), change in the charge stab®—D ~, the a-Si:H—a-Si transition,

and growth of inhomogeneity of the structure. It is shown that these effects depend on the initial
structures and electronic characteristics of the films. 1999 American Institute of
Physics[S1063-78209)01704-4

INTRODUCTION implanted with keV Si ions at room temperatur@ =€ 102
—10*cm™?) to determine changes in the structure and elec-

In recent years interest has grown in studying films oftronic parameters 0é-Si:H in comparison with those ob-
amorphous hydrogenated silicéa-Si:H) subjected to sili-  served during extended intense illuminatitthe Stabler—
con ion (Si") implantation. From the practical point of view, \wronski effect. It was found, in particular, that dangling
they are important for determining the radiation hardness o§j—Sj bonds are formed during implantation, and that the
solar cells working under space conditions; however, to datgermi level ¢¢) in the mobility gap is shifted.
they have mainly been tested for the action of light  This study is a continuation and development of the
particles—electrons and high-energy protoi@ome data on  studies reported in Ref. 5 with the aim of establishing the
Si* implantation (ion energy 300keV, doseD=5 interrelationship between the effects of Smplantation and
X 10"%cm~?), resulting in changes in the parameters of thethe initial electronic and structural characteristics of the
“intrinsic” (i) layer of the photo-element: its dark resis- films. Primary attention is devoted to peculiarities of the de-
tance, illuminated resistance, and density defects were pulfects induced by implantation.
lished in Ref. 1. However, the initial characteristics of the
material used in Ref. 1 were not indicated.

Galloneet al? investigated the dark conductivity) of
undopeda-Si:H as a function of the implanted silicon con- Implantation of silicon ions was carried out at room tem-
centration (Ns;=10'®~10?" cm™®). The ion energies were of perature on a heavy-ion acceleratsiigh Voltage Engineer-
the order of several tens of keV. The process was carried oig Europa B.V) using an SO-70 ion source and the gaseous
at room temperature with subsequent annealing in vacuum @mpound Sif. For a uniform distribution of the ions over
200°C for 1 h. On the whole, implantation was viewed a  the thickness of the film d=0.3um) a “three-step” im-
method for increasing the electrical activity of boron intro- plantation of each of the films was performed with ion ener-
duced intoa-Si:H films. gies e=30, 60, and 120keV with variations of the dose,

a-Si:H films were also irradiated with Si ions with ener- providing the required total dode (Ref. 5. Thus, the aver-
giese=1 and 3MeV and dos®=10"cm? at liquid-  age concentration of the implanted silicon varies in the range
nitrogen temperature, followed by a series of thirty-minuteNg=3x 10— 3x 10'8cm™2. Implantation was followed by
anneals in the temperature range-8®0°C (Ref. 3. The  annealing in a (3-4)x 10~ ° Torr vacuum at 200 °C for 1 h.
aim of that study was to examine thermal relaxation of Undopeda-Si:H films obtained by rf {=13.56 MHz)
a-Si:H in comparison with the thermal relaxation &fSi  decomposition of Silwere subjected to ion implantation at
(hydrogen-free amorphous)Sireviously examined in Ref. deposition temperatureg;=220—-300°C. Their structural
4. The fundamental differences in the relaxation processesnd electronic parameters before implantation are described
established in the two indicated cab&are clear evidence of in Refs. 6 and 7: their dark conductivity-§) and its activa-
the influence of hydrogen on the structural changes associion energy AE) (o4 was measured in the temperature in-
ated with ion implantation. However, data on the hydrogenterval 300-470 K the photoconductivity &, (at T
contentCy, and the nature of the silicon—hydrogen bonds or=300 K, hy=2eV, carrier generation rate *om 3
even just the deposition temperature of the fiimare not  -s™ 1), defect density lp), and Urbach parameteE() (at
given in Ref. 3. T=300 K by the constant photocurrent methda addition,

In Ref. 5, as in Ref. 2, a series afSi:H films were the hydrogen content of the films<C(;) was determined by

EXPERIMENTAL PROCEDURE

1063-7826/99/33(4)/4/$15.00 447 © 1999 American Institute of Physics
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infrared spectroscopy with special attention to the intensityAE=0.85eV, C,=7 at. %, R=0, E,=50MeV, andNp
of the absorption band at 630 cthand the microstructure =10%cm™3, deposited al =300 °C. Next, we have films
parameterR= 1000/l 2000t | 2000, Where I 5000 and I 090 @re 2 and 3, also deposited af=300°C and having respec-

the intensities of the absorption bands at 2000 andively the parameter valueAE=0.76 and 0.70 eVC,=8
2090 cm ! which provide information on the content of the and 9 at. %,R=0 and 0.3,E,=55 and 60MeV, and\p

SiH and SiH bonds in the films. We have also obtained ~10%cm™3 (Ref. 6.

information about the presence of clustered hydrogen found |t can be seen that with growth @, AE does indeed

at the boundaries of the voids or “grains” that form the reach 0.85eV; however, the dependence\& on D in all
friable amorphous structure, as indicated by the shift of thehree cases is nonmonotonic. The most nonmonotonic depen-
peak of the absorption band characteristic of SiH bonds t@ence is that of curva: for D =102 cm 3 the Fermi level is
2010cm* (Ref. 6. In our study we determined the indi- shifted toward the conduction banéd) instead of the cen-
cated parameters after ion implantation as functions of theger of the mobility gap. Granted that it then turns around, and

total doseD. for D=10"cm 2 AE=0.85eV. A consideration of the ini-
tial characteristics shows that before implantation firax-
EXPERIMENTAL RESULTS AND DISCUSSION hibits the greatest inhomogeneity.

_ N o The shift of the Fermi level towarsl- shows that at least

In our previous work we showed that silicon ion im-  some of the defects formed after implantation are found in
plantation ina-Si:H leads to shifts of the Fermi level to the the charged statB ~ (Ref. 6). We therefore assume that the
point (ec—er)r-0=0.85eV corresponding to “intrinsic”  energy of the ion beam is expended not only in the formation
a-Si:H, where the density of the |mplant?t|or_1-2|nduced de-of defects in theD? state, but also in changing their charged
fects for the total implantation dos@<10"*cm™? was on  gtate:D%—D~. As is well known, the correlation energy of
the order of 18"cm™>. In this regard, the effect of silicon the defect(dangling bondl in a-Si:H is positive A =0.2
ion implantation is similar to the Stabler—Wronski effect, —g.5ev, Ref. 8. In an inhomogeneous film, fluctuations in
and also to the effect of irradiation @Si:H by electrons A can be expected, and consequently an increase in the prob-
with energies of several tens of keV. Therefore, we haveypijlity of D°— D~ transitions. Indeed, fob = 10'2cm™ 2 the
concluded that the defects formed after implantation—shift of s toward s is less for film2, which is more ho-
dangling Si-Si bonds in the neutral stad®—arise as @ mogeneous before implantation. Fillp the most homoge-

result of breaking of “weak™ Si—Si bonds, as occurs in the neous film before implantation, reveals the largest shift;of
two cases indicated above. Figure 1, however, reveals a Mofgward e when, as a result of implantation, it becomes in-

complicated picture regarding the Fermi-level shifts inducednomogeneoussee below
by ion implantation. Figure 1 plots the dependencéBfon Let us consider thd E(D) curves for the two films de-
D for a series of films with different initial characteristics; posited at lower temperatureB,= 220 and 280 °Qfilms 4
the initial (pre-implantation values of AE are indicated. and5). They have respectively the initial parameter values
First we have filml consisting of “intrinsic” a-Si:H with AE=0.81 and 0.72eVC,=10 and 16at.%R=0.3, E,
=60MeV, andNp=4x 10 cm™3. Clearly, the value o€y
for film 5 is higher than follows for the giveiiy. However,
0.9 what is most important is that they both contain clustered
hydrogen: an SiH band with maximum at 2010¢his ob-
served for both these films in the IR absorption spectra. Their
AE(D) curves have a completely different character in com-
parison with the curves for film$-3 (Fig. 1).

As can be seen from Fig. 1, they fall monotonically with
growth of the total implantation dose, Bt=10"cm 2 at-
taining values of 0.5 and 0.3 eV, respectively. These
values correspond ©=300 K. At lower temperatures, vari-
able AE values are observed, as is characteristicaf&i: In
this case the defect density and hence the density of localized
states in the mobility gap are so large that the conductivity
mechanism with variable hopping length, known as the Mott
mechanism, is realize(Fig. 2).

Indeed, the IR data show that films containing SiH clus-
ters gradually “lose” hydrogen as the total implantation
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n? 07 " dose is increased. F@=10cm 2 for example, theilCy,

D,cm™? values are equal to zetbAccording to estimates based on

the Mott theory, the density of states at the Fermi level in
FIG. 1. Dependence of the activation energy of the dark conductiiigy, this caseg(eg)= 108eVv—t.cm3 and, consequently, the

Aot

of a-Si:H films on the Si ion implantation dosélms 1-5). Figure also . - 8 —3 o
shows the initialA E for these filmgbefore implantation Remaining initial defect denSIt)ND”lol cm °, i.e., itis at least an order of

characteristics are given in text. TheE values have an accuracy of Magnitude higher than the density of defects induced by ion
+0.02¢eV. implantation. The latter for different films is found in the
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FIG. 2. Temperature dependence of the dark conductivity of fdrasd5
(Fig. 1) after silicon ion implantationD=10"cm~2. Curvesl and2 cor-
respond to filmst and5, respectively.

limits 5Xx 10'6—3x 107 cm™3, growing in comparison with
the initial (pre-implantatiop value and reaching the indicated
values atD=10"cm 2 (Fig. 3.
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FIG. 4. Photoconductivity ¢, of a-Si:H films plotted as a function of the
silicon ion implantation doséilms 1-3). The photoconductivity of filmg
and5 could be determined only fdd=10"2cm™ 2. The figure also shows
the initial values ofory,.

As was noted earliet,the highest values oE after
implantation are observed for intrinsgeSi:H; i.e., its struc-
ture becomes the most disordered.

Let us consider the dependence of the photoconductivity
on the total implantation dose (Fig. 4). Let us start with
films 4 and5, which, as was shown above, “transform” as a
result of implantation into films of hydrogen-free amorphous
silicon (a-Si). In the initial state(before implantationthey

Note that if the density of induced defects saturates as Bave enhanced values by in comparison with the values
function of D, the Urbach parameter, which characterize thethat should be expected for the givaik, which is typical of
degree of disorder of the structure, grows, especially steeply@-Si:H containing SiH clusters. lon implantation leads to an

beginning atD=10"cm 2, and reaches values of 80

—90MeV. As can be seen in Fig. 3, f@>10"cm 2 the

abrupt drop ingy,, with growth of D, such that forD
=10"cm~2 it cannot be measured, as is characteristic of

concentration of implanted silicon significantly exceeds thea-Si.

density of induced defects; i.e., the energy of the silicon ion

The behavior ofoy, for films 1-3 has several peculiari-

beam is expended on the creation of disorder in the structurd&es.

It would seem in this case that if the density of weak Si—Si

First of all, the curveo,(D) for film 3 stands out be-

bonds grows, the density of dangling bonds should als¢ause of its nonmonotonicity. Recall that the same thing was

grow; however, this is not observéHig. 3). The reason for

noted about thAE(D) curve for this film(Fig. 1): It follows

this behavior is unclear; we can only refer to the analogyfrom Fig. 1 that the contribution of the defects in the *
with the Stabler—Wronski effect. In that case the limiting State is especially large @ =.1012Cm_2- Accordingly, for
densities of the light-induced defects of the same order ofhat dosery, for film 3 is the highest in comparison wit,

magnitude are observed.
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FIG. 3. Defect density, determined by the constant photocurrent method, irbo

a-Si:H films, N, plotted versus the silicon ion implantation dodgms
1-3). The figure also shows the initial valuesif, and the concentration of
the silicon implanted in the filmi\Ng;, for different values oD (4).

for the other films. We know that sind®2™ does not capture
electrons,o,, for undopeda-Si:H increases wheag shifts
toward e, whenNp increases, and when the value of the
ratio Npo/Np- decreasesNpo andNp- are the defect den-
sities in theD® andD ™ states, respectivef).

Second, at dose at whichNp saturatesg,, does not
depend orD for either film1 or film 2 (Figs. 3 and % which
seems reasonable if the defects do not change their charge
state 0°) during implantation. However, note that the larg-
est oy, after implantation belongs to intrinsia-Si:H, in
which the density of induced defects is at a maxinfiiote
also that the change ia,, as a result of implantation for
intrinsic a-Si:H is the lowest. These facts can be explained as
follows. AlthoughNp of the defects induced by implantation
in intrinsic a-Si:H grows in comparison with its initial value,
implantation leads to the formation, along with defects in the
state, of defects in thB ™ state, which in turn is a con-
sequence of the disordered state of the structure, also induced
by implantation. We therefore obtain the paradoxical result
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level, defect density, Urbach parameter, photoconductivity,
hydrogen content, Si—H bonds—have revealed the following

4L results:
_ — Formation of defects in thB° state, accompanied by
3,_ shifts of the Fermi level toward the center of the mobility
= 3 gap; this is observed for all films not containing clustered
;g 2F /} hydrogen, regardless &, andR.
N 7b x - x x — Charge exchange of defecB°—D ~, accompanied
3 A/ by shifts of the Fermi level toward the edge of the conduc-
s Of tion band facilitated by the inhomogeneity of the starting
- 2y S film or by the inhomogeneity induced by implantation.
5'3 -— g — “Loss” of hydrogen by the films containing clustered
NA hydrogen. As a resulg-Si:H converts ta-Si with growth of
w? 1 ! L the implantation dose.
w” Tk ™ — A rapid growth of the Urbach parameter, which char-
Jj,cm‘z acterizes the inhomogeneity of the structure, especially for
intrinsic a-Si:H, when the implanted silicon concentration is
o7 X3 b5
Ngi>Np.

FIG. 5. Relative changes in the photoconductivity, Urbach parameter, and | am gratefu| to V.Kh. Kudoyarova, I.N. Petrov, and

defect density of filmsl, 3, and5, characterizing the stability of the elec- R.R. Yafaev for their collaboration in this work
tronic and structural parameters to implantation. The index (0) denotes the = '

parameter before implantation. The estimateNgf/Np(0) for film 5 for

YThe IR spectroscopy was performed by V. Kh. Kudoyarova.
D=10"cm? assumes thall,=10%—10"%cm™3.

2Recall that here we are not considering films that “lose” hydrogen as a
result of implantation.
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Films of amorphous hydrogenized carbaxC:H) are prepared by chemical vapor deposition
using a dc glow discharge. The absorption is studied over wavelengths of 400—2400

nm. Two Gaussian-like bands are identified with peaks-800 and~800 nm. The ratio of the
integrated intensities of these bandigyg/1590 is found to decrease as the voltage is

raised. The changes in the ratig,/1 g9 are compared with the variation in the fundamental
Raman scattering bands in order to clarify the nature of the visible absorption &aGhig films.
Two simple schemes for transparent insulating films itz 1.5 eV and for “black”
conductinga-C:H films with E;<1 eV are proposed for explaining the relationship between the
structure of the absorption edge and the width of the Tauc &ap. (© 1999 American

Institute of Physicg.S1063-782809)01804-9

1. INTRODUCTION to the condensate is increased by raising the temperature of
the carrier gaor substraté® by raising the power of the rf
The ability of amorphous carbon, including its hydrog- discharge, and by raising the voltag€:*At the same time,
enized form @-C:H), to form various structural modifica- the conductivity ofa-C:H films is observed to ris¥.
tions has extended the range of optical and electronic prop- The main purpose of this paper is to establish the corre-
erties and the range of applications of this material. Becausktions among the optical absorption, optical gap width, and
of their low electron affinity and chemical inertnessC:H  conductivity ofa-C:H films. We have used visible and near-
films are viewed as potential thin film materials for micro- infrared (IR) absorption spectroscopy to determine the spec-
cathodes in field emission display$.Metalla-C:H/metal  tral dependence of the absorption coefficient. An analysis is
sandwich-structures with a high-field conductivity may soonmade of the effect on the absorption of the conditions under
challenge the established position @5i devices as active which thea-C:H films are fabricated in a dc glow discharge.
matrix displays becausa-C:H can be deposited on plastic The changes in the intensities of the absorption bands of the
substrates at room temperatdr& modification of a-C:H  a-C:H as the voltage is raised are compared with the previ-
which absorbs in the visible has been used in liquid crystabusly observed changes in the resonance Raman scattering
matrix displays for contrast enhancement by depositing &pectra and the nature of the visible absorption is discussed.
“black” film of a-C:H on the interfaces between the ele- The Tauc parameters are determined, along with their corre-
ments of the matrig. lation with the parameters and structure of the absorption
The use ofa-C:H films which absorb in the visible as spectra ofa- C:H films and their conductivity.
light blocking layers for optically controlled modulators on
reflective liquid crystals is a new technical solution of the
problem of optically decoupling the write and read light sig- 2. EXPERIMENTAL TECHNIQUES AND RESULTS
nals. The efficiency of light blocking in semiconductor
a-Si:H anda-Si:C:H layers with the aid 0&-C:H films has
been demonstratedt was found experimentally that the op- Chemical deposition of hydrocarbon vapor in plasmas is
timum light blocking layers are lsm-thick a-C:H with an  the most widespread contemporary technology for producing
absorption coefficient of 510* cm™! at a wavelength of a- C:H films. Here we have used film deposition from a dc
632.8 nm, which attenuate the light flux that enters the semiglow discharge plasma. The plasma was created using planar
conductor by a factor of 100. Although they were better ab-magnetrons with a flat cathode and annular arfddehe
sorbers, films with an absorption coefficient on the order ofsubstrate holder was mounted a distance of 50 mm from the
1x10° cm ! caused a deterioration of the image spatialanode and held at a constant negative potential. The voltage
resolution in this sort of structure because of space chargeetween the anode and electrode-holder was varied in the
leakage. This indicates a significant correlation of the opticatangeU =600— 1200 V. The electrode system and the glass
absorption with the width of the optical gap and the conduc-ylindrical insulator between them formed a quasiclosed vol-
tivity of a-C:H. ume into which the working gas was fed. Pure acetylene or a
Previous experimental studies have shown that the optimixture of it with argon were used to makeC:H. This kind
cal gap in the various modifications afC:H depends on the of system ensures a higher degree of ionization of the gas
conditions under which it was produced in a glow dischargeand makes it possible to vary the pressBran the vacuum
plasma. The gap is made smaller when the energy deliverethamber from 0.1 to 0.01 Pa and to change the rate@H

2.1 Technique for a-C:H film deposition

1063-7826/99/33(4)/6/$15.00 451 © 1999 American Institute of Physics
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TABLE I. Experimental parameters of the absorption spectu(x), Enax  Tauc optical gap E1) was determined by extrapolating a
and | goo/l ggo, along with the Tauc parametels: and B derived from the plot of (aE) 12 a5 a function of energyf as described
dependence of«E)Y? on E for a-C:H films. . 12 .

previously.” The resulting values dE and the slopeB) of

Samples of B, 10f eV ! the straight line drawn as a function Bffor the a-C:H films
a-C:H looo/lgoo  Emax: €V Er, eV -em™t are listed in Table I.
a 2.7 2.07 2.09 2.3
b 0.33 1.65 1.65 5.0
c 0.4 1.65 1.09 7.9
d 4.5 2.07 114 5.6 2.3. Absorption spectra of a-C:H films for wavelengths of
400-2400 nm

Absorption spectroscopy was used to obtain direct infor-

film deposition in a wide range from 40 to 1 A/s. Films were mation on the structure of the optical absorption edge of the

deposited on polished copper and quartz substrates at t@eC:H films. The spectral variations in the absorptie(\)
ambient temperature. at wavelengths in the range=400-2400 nm were obtained

from the reflection spectra of films with thicknesses of
~0.3—0.5 um deposited on mirror copper substrates. Fig-
ures la and 1b show(\) spectra ofa-C:H films prepared
The reflection and transmission spectra of the films werdrom acetylene withP=0.1 Pa andU =600 and 1200 V,
recorded from 200 to 1000 nm on a Hitachi spectrophotom+espectively. Figures 1c and 1d giug¢\) spectra fora-C:H
eter. In these measurements we use@:H films with a  films obtained withP=0.01 Pa andJ=900 V from mix-
thickness of~0.2 um deposited on quartz substrates. Thetures of acetylene with 50% and 70% argon. These spectra
film thickness was determined using an MII-4M microinter- can be resolved into a series of Gaussian-type bands. In the
ferometer. The relative error in the thickness measuremenigavelength interval from 400 to 1000 nm, two absorption
was 10%. The natural absorption coefficiea) (of the films  bands were identified with peaks at 698 nm (band 12 and
was calculated using the Lambert—Beer law. The absorptioB00=40 nm(band 2. The ratio of the integrated intensities
edge of thesa-C:H films, like that of other amorphous semi- of these absorption bandsgg/l 599 and the energiek
conductors, was adequately fit by the Tauc equdfiohhe  of the peaks in the spectra of Fig. 1 are listed in Table I.

2.2. Determining the width of the optical gap

-
1.65 ¢
6‘ —
)—
FIG. 1. Spectral dependences @f\) of
4 a-C:H films obtained from acetylene at a
v 2.07 1.97 constant pressure of 0.1 Pa with interelec-
g - trode voltaged) =600 (a) and 1200 V(b),
© as well as for a constant voltage=900 V
Q;Q\ b 2k and pressures of 0.01-0.03 Pa from a mix-
- [ 165 ture of acetylene with 50c) and 70%(d)
3 - - argon. The decompositions of the spectra
6 'E 7 into their components are shown with the
o peak energie&V) indicated. The labels of
- ‘*‘Q 0 1 | spectra a—c correspond to the samples in
8.. Table I.
4 4 d
L 2.07
2 2.09) 1.04 v 2+
y 0.63 7.96
0 ] ) a
600 1200 1800 2400 600 1200 1800 2440

)_’nm JL,nm



Semiconductors 33 (4), April 1999 E. A. Konshina 453

3. DISCUSSION OF RESULTS a high-frequency shift of the principal maximum observed in
3.1. Currrent theory of the atomic and electronic structure the Raman Scatte”_ng_ spectra Of_ Var_'ous modifications  of
of a-C:H a-C:H when the excitation energy is raised has cast doubt on

e 427 11 ;
The known forms of amorphous carbon, including thethls interpretatiort: It is the result of scattering from

various modifications 0é-C:H, consist of carbon atoms in 72ond elements of thea-C:H structure which IS en-
the sp’-state which form tetrahedrat-bonds with four hanced resonantly at photon energies approachingnthe

neighboring atoms, atoms in thep-state which form — 7" -resonance. The bands near 1400 and 1530'cmay
o-bonds with three neighboring atoms in a plane, a weal€ associated with scattering on large- and small-sized
m-bond perpendicular to this plane, and, to a lesser extentr-bond clusters, respectivefy.At the same time, the rela-
atoms in thespt-state. According to the cluster model for the tive intensity of the 1350-cm* band cannot be used to de-
structure of amorphous carbon developed by Robeftsdfl, termine the dimensions of the graphite clustérs.

aromatic graphitew-bound atomic clusters consisting of  The absence of graphite clusters in the structure of fresh
sp’-states, are distributed within &p®-bound matrix. Here  and thermally worked(at a temperature of 400°C in
the strongo-bonds control the near ordering of the lattice, vacuum a-C:H films has been confirmed by comparing reso-
i.e., the bond lengths and angles of the skeleton, while thﬁant Raman scattering spectra &C:H and graphité’-2®

7-bonds cause clustering or a middle-range ordering Withirll'he observed features of theC:H Raman scattering spectra
the structure. In the electronic structure of amorphous carr—1 led us t lude th tt.h ir structure includ t of
bon, theo- and o* -states form the deep valence and con- ave led us to conciude that Ineir structure Includes a set o

duction states, while ther- and 7* -states, which lie inside scattering centers characterized by different excitation ener-

the o— o -gaps, form the edge of the absorption band andlies of m— #* electronic transitions and vibrational ener-
control the width of the optical gap. The-states form a gies. The different sizes of the-bond elements of the struc-
filled valence band, while ther*-states correspond to an ture, which lead to different values of the coupling
empty conduction band in the optical gap near the Fermparameter, and the strong disordered interaction among them
level. In accordance with the cluster model, the width of thecause the large spread in their electronic and vibrational
optical gap depends on the sizes of theclusters and de- spectra. Resonant excitation of the Raman spectra produces a
creases as the fraction sp?-states which form them risé§,  selective enhancement in the scattering at the frequencies of
while the sp3-lgound matrix determines the tunnel barrier those centers for which these conditions are optimal. The
between th?”]" o width and shape of the Raman scattering bands are deter-
Increasing the hydrogen concentration in an amorphou%ined by the dependences of the vibrational frequency and

carbon structure leads simultaneously to a reduction in it? . . .
N : . : ocation of an absorption band on the length of the coupling
equilibrium density and to a substantial change in the char-

acter of the clustering. This has been shown by studies of th%haIn ar?d on thg Sizé fdlstrlbuggn ththe elerpentsa In this
stability of a-C:H systems and of their atomic and electronic ©@S€: the procedure of expanding the complicated Raman

structure as functions of the mass density and concentratioif@ttering band and absorption bands in the electronic spec-
of hydrogen using the molecular-dynamic densitytra into Gaussian profiles is arbitrary.

method?>?? The extent of the clusters is reduced by the in-  The way the relative intensity of the Raman scattering
troduction ofsp?-segments inside the stresssef host. The  bands of fresh and thermally processe€:H depends on
distribution of the clusters and of the segments which bindhe excitation wavelength shows that these bands correspond
them affects the energy gap @fC:H. Jungnickelet al??>  to different types of structural elements which are polyene
believe that the reduction in the gap is most likely a consechains of various lengths and polycyclic aromatic groups
quence of the splitting of the smallestbonded clusters and ith different numbers of rings. The former predominate in
of the introduction of local w-electron systems into a the intensity of the band at 1540 cmi! and the latter, to
stressed-bonded rigid lattice in which mixed bonds predomiz, o+ of the band at- 1340 cnm L, which is extremely prob-

nate. Thg very. different assessment of the nature of the ORble, since in the Raman scattering spectra of the correspond-
tical gap ina-C:H offered in Ref. 22 compared to that devel- in . e
g molecular structures the most intense bands lie in the

oped earlier by Robertson indicates that further study of the . oo
electronic structure o-C:H is needed. corresponding range of vibrational frequendiés.

The existence of olefin chains in the structure is con-
3.2. Results of a study of the medium-range order in the firmed . b% studies ofa-C:H f|Im§ by elastic neutron
structure of a-C:H using resonant Raman scattering scattering® and by nuclear magnetic resonance and neutron
spectroscopy diffraction3%3! Theoretical calculations of resonant Raman

The Raman scattering spectra of amorphous carbon in igcattenng spectra of amorphous carbon have shown that the

different modifications consist of a broad band and can easilyand shapes are determined by a complexs pf-clusters

be resolved into two gaussian-type bands. The first has with six or fewer rings. Polyene chains can contribute to the
peak in the interval 1530—-1580 crh and was initially at- formation of the 1540-cm! band when the Raman scatter-

tributed to an active 1585 cit line of single-crystal graph- Ing spectra are excited by visible light, while a lattice
ite, while the second band near 1300—1400 &nwith a line sp’-structure has no direct effect on the resonant Raman
at 1355 cm %, corresponds to a disordered mddélowever,  scattering spectri.
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that the absorption spectra af C:H films are formed by the
superposition of absorption spectra corresponding to elec-
tronic w— 7r* transitions in isolatedr-bond elements of the
structure and they are quasicontinuous. The composition of
the m-bond elements, their spatial distribution in the film
structures, and the interaction probability of theirelectron
systems determine the position of the peak, the intensity of
the Gaussian-like bands which stand out in the spectrum, and
the structure of the edge of the absorption band.

0.50+

0.40 -

40 4 I15 40

~" 030 ¢

- N 3.4. Analysis of the absorption spectra and the effect of the
0.20 + a-C:H film production conditions on them

1

| 1
1000 1200 The above discussion indicates thatond elements of
u,v the polyene chain type predominate in the structure of the
FIG. 2. The variation with interelectrode voltagg) in the ratiol gyq/1 a-C:H mOdmcatlon’ Whose.SpeCtrum includes the nar'row
of the integrated intensities of the principal bands in the spectra?oge;g%dené%and with a peak at 600 ntfig. 1_6) and has a pe_ak |_nten5|ty
of the absorption coefficient(\) and in the ratid 14/l 154 Of the funda-  ratio of lggo/lgoo=2.7 (samplea in Table ). This kind of
mental bands in the resonance Raman scattering specar&€ films. film was obtained from pure acetylene with a minimal volt-
age ofU=600 V and a relatively high pressui@.1 Pa. It is
distinct in having the widest optical gajc{=2.09 e\) and
highest resistivityon the order of 18 Q- cm).

Resonant Raman scattering spectroscopy is an extremely When the discharge voltage was increased by a factor of
informative and highly sensitive method for investigating the2 (Uy,=1200 V), the spectrum of the resulting modification
characteristics of middle-range-bond elements ire-C:H  of a-C:H contained several isolated pealf§g. 1b. The
structures. Increasing the energy of the ions involved in thenaximum is at 750 nm and the ratiggg/l goo=0.33. We
condensation 0&-C:H in rf (Refs. 26 and 3Band dc(Ref.  conclude that the amount of polyene chains in the structure
34) glow discharge plasmas leads to a rise in the intensithas decreased and the amount of more compiédond el-
ratio of the main bands at 1340 and 1540¢ntl 1340/ 1540 ements, including polycycles, has increased. When the volt-
in the Raman scattering spectrum. These changes can be age is varied from 600 to 1200 V, the peak-aB800 nm can
plained by an increased amount of polycyclic aromaticbe shifted by+=40 nm. This can be explained by the scatter
groups compared to polyene chains in $a€:H structure. A of the polycyclic groups in the-C:H structure with respect
reduction in the amount of CH-groups 8p°-states and a to the number of aromatic groups. Raising the discharge
reduction in the optical gap were obserlfat the same time  voltage also changes the Tauc parameters oétBeH films.
as the rise il 1340/ 1 1540- Since the Raman scattering spectraE+ fell to 1.65 eV, whileB increased; this indicates a rise in
are caused by resonant scatteringmbond elements of the the density of states at the edge of the absorption band
structure, changes in these elements should correlate wiflsampleb in Table ). This process was accompanied by a
changes in the electronic absorption spectra-¢f:H films. drop in the resistivity to 18 Q-cm.

Figure 2 shows plots of the band intensity ratigy/l goo Dilution of the acetylene (&H,) with argon(Ar) leads
in the absorption spectr@(\) and of the ratid 1340/l 15400f  to a significant change in the spectra of the&C:H films
the principal bands in Raman scattering spectraa@:H  (Figs. 1c and 1d The absorption at the peak of the spectrum
films obtained previously in Refs. 20 and 32 as functions ofexceeded & 10* cm™! (Fig. 19 for films produced with a
the voltage. It can be seen that as the ragig/lgo in the  dc voltageU=900 V and 50% GH, and fell to ~3x 10*
absorption spectrum decreases, the rafig/l1s40 in the  cm™! upon dilution to 30% GH, (Fig. 1d. At the same
Raman scattering spectrum increases. This suggests that tti@e, the peak in the spectrum of Fig. 1d was shifted to 600
peak near 600 nm in the absorption spectra probably reflectsam, which led to a reduction in the integrated visible absorp-
the distribution of isolated polyene-type linear chains in thetion. The low intensity of the absorption band and the large
structure (it is known that the limiting wavelength in the ratio | go0/1 g00= 4.5 (sampled of Table |) indicate that short
absorption spectra of the polyenes is 610*Dmwhile the  polyene chains predominate in the structure of this filiq.
Gaussian-like band at 86040 nm reflects the distribution of is smaller and is greater by roughly a factor of 2 in sample
combinedm-bond elements in the structuaeC:H. They can  d than in samplea of Table I. The observed differences in
include polyene chains of various lengths, as well as polycythe Tauc parameters suggest that the distributions of the
clic groups with a different number of aromatic rings. The polyene chains in thep®-bound matrix are different. The
many kinds of combinations of these-bond structural ele- drop in the resistivity of sampldto 10’ Q-cm is caused by
ments with a single system for coupling of the multiple the lowering of the tunnel barrier. The technological reason
bonds, along with isolated polycyclic groups and polyenefor this decrease is a reduction in the rateas€:H film
chains, are the most likely chromophores responsible for visdeposition to~1 A/s because of the lower,8, content.
ible absorption ina-C:H films. The spectrum in Fig. 1c consists of a wide band which

Taking this circumstance into account, we may assume&an be resolved arbitrarily into three Gaussian-type peaks in

1 {
600 800

3.3. Comparison of Raman scattering and absorption spectra
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the range 400-1200 nm. Besides bands at 600 -ai80 1}
nm, which have an intensity ratio d§yo/lggo=0.4, a band

can be distinguished at 920 nm. Most likely it corresponds to

a distribution of larger-bound structures within the struc- 0

a

ture which are made up of several aromatic polycycles. The =

existence of a wide band spectrum for taeC:H films is ® r =

evidence of a substantial spread in the sizesrdfound el- W D £,

ements in thea-C:H structure. This sort of spectrum is typi- e =

cal of absorbing “black”a-C:H films. | Vel -F
max

-2

3.5. Relationship of the Tauc parameters to the absorption
spectra of a-C:H films FIG. 3. Schematic diagrams of the electronic structure of the optical absorp-

It has been ShOV\?ﬁB? that there is no difference in the tion edge and optical gap of transparent insulat®gnd “black” conduct-
inlg (b) a-C:H films.

nature of the states below and above the edge of the optica
absorption edge, and that the density of the and 7* -

states close to the Fermi level can be described in terms Qdxtent of the w-bond atom&, favors localization of their
Gaussian-likerr- and 7* -bands separated by an energy of ;_glectrons, and raises the tunnel barrier between fffem.
2 eV. Here the location and shape of the Gaussian curve schemeb of Fig. 3 describes the structure of the optical
correlate with the magnitude & . gap fora-C:H films with E,,,>Er (samples andd in Table
The width of the Tauc gap in the-C:H films studied |) The discrete energy levels lying at the optical absorption
here varies fron~2 to ~1 eV. The constanB increases edge below the level corresponding to the eneEgy, form
from 2.3x10" to 9.2x10* eV~ *-cm* (Table ), which in- 4 dense quasicontinuous electron spectrum which can be de-
dicates a rise in the density of states at the absorption edge 8¢ribed by a gaussian curve. There are essentially no states
a-C:H with decreasingEr. The nature of ther— 7™ transi-  wjthin the pseudogap foE;<1.0+0.1 eV. The films are
tions, which determine the optical gap width, is not C|eartransparent in the IR. In this cad®; corresponds to the
from the plot of E)"? as a function of. A comparison of  minimum transition energy of a valence-electron to the
the magnitudes o, Which corresponds to the energy of corresponding emptyr* -level in the conduction band. This
the most probabler— 7* transition, ancEy showed that the  king of electronic structure is typical &C:H films which
a-C:H films with several peaks in their spectra h&ig.x  absorb in the visible and have a resistivity of less thah 10
=E; (Table I,a andb), while thea-C:H films with a broad  ().cm. Raising the conductivity ensures a low content of
absorption spectrum(Figs. 1c and 1H have Ena>Er  spd-bound states in the films. In the proposed schemes of
(samplesc andd of Table |). Fig. 3, the edge of the conduction band lies near the vacuum
This implies that the optical gap in teC:H modifica-  |evel E,,. (schemea) or below it (schemeb), consistent

tion with Enq=Er is determined by the energy of the most with current ideas regarding the electronic structure of
probable electronier— 7* transition. It should be noted that 5. c:H .20

when a photon with energl,,,.« is absorbed, there can be a
transition of a valencer-electron localized on either isolated
linear chaingFig. 18 or on complicatedr-bound structural
elements that include polycyléBig. 1b) to a corresponding In this paper we have presented the results of an analysis
free w* -level in the conduction band. The spectra of theseof the spectral variation in the absorption®{:H films in
films contain weak discrete absorption bands which lie bethe range 400—2400 nm and the effect on this variation due
low the energyE, . With peaks at~1, ~0.7, and~0.6 eV  to the production conditions in a dc glow discharge plasma.
(Figs. 1a and 1b They correspond to localized states within A comparison of the variations in the ratigyy/l oo Of the
a pseudogap whose distribution can also be described byiategrated intensities of Gaussian-like bands resolved in the
Gaussian curve. absorption spectra and the ratio of the fundamental bands
Our data are a generalization of the schematic plots obbserved in Raman scattering spectra has been used to ex-
the density of statesN) as a function of energyH) shown plain the nature of absorption in the visible. Absorption in
in Fig. 3. The structure of the optical gap of aiC:H modi-  the range 400—600 nm is caused By #* transitions in
fication with E;=1.5 eV and a resistivity exceeding 0 polyene chains, while the absorption in the range 600—800
Q) -cm can be illustrated by schenag(Fig. 3. This modifi- nm it is related to similar transitions in more complex
cation ofa-C:H is distinguished by a larger amount of bound 7r-bond combinations, including polycyclic aromatic groups.
hydrogen, as confirmed by IR spectroscopic studies6fH Based on the relationship between their Tauc parameters
films.3” These films were highly durable mechanically andand absorption spectra, tlaeC:H film samples studied here
were identified as diamond-like. The atomic structure of thecould be divided arbitrarily into two groups. One group in-
latter can be described as a stressed-bond rigid lattice, idudes films withE,,,,=E+, and the other, those with,,,
which mixed bonds predominate with locatelectronic sys- >E+. They differ in the structure of their optical absorption
tems of --bound atoms imbedded in4f. The presence of edge, gap width, and conductivity. TheC:H films with
CH-groups in thesp?-state in ara-C:H structure reduces the discrete narrow-band absorption spectra in the visible, for

CONCLUSIONS
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A study has been carried out of the effect of a brief anneal at-%50 °C on the conductivity

of porous silicon coated with a metallic film. Porous silicon, formedpeandn-type

substrates, had porosities of-160% and 5-10%, respectively. It has been shown that for
anneals at 500 and 550 °C porous siliconpstype Si is converted to the highly conducting state.
The conductivity relaxation in coated porous silicon layerspei after annealing is

described. The results are analyzed from the point of view of a model of passivation of the
impurity atoms by hydrogen. It is shown that after annealing an alumidpareus silicoi
junction possesses a rectifying property. The potential barrier parameters f(pofdus

silicon) junctions onp- andn-type substrates are determined. X®99 American Institute of
Physics[S1063-782809)01904-3

An important task in the fabrication of circuit elements 0.03 substrates with orientatiofi1l), and in the second
of micro-, nano-, and optoelectronics based on porous silicogroup they were deposited on KEF-4.5 substrates with ori-
(PS is that of forming porous layers with prescribed struc-entation(100). The porous silicon obtained g1 -substrates
tural and electrical characteristics. While the technology ofhad a high porosity?=16—40% and a developed network
producing porous silicon with the necessary porosity and thef finer voids. For the porous layer formed ofSi, the po-
required void morphology is well developed, many questiongosity was 5-10% and the voids had a cylindrical shape with
regarding the controlled modification of the electrical param-the direction of the axes of the cylinders corresponding to the
eters of porous silicon are far from being resolved. Atdirection of the electric field during anodic treatment. No
present, there are a number of hypotheses which consider tledforts to separate the amorphous film from the porous ma-
physical phenomena in a porous material that are responsibterial were attempted. An aluminum film of thickness 0.5—
for the magnitude and nature of the conductivity in porous0.8um was deposited on the porous-silicon surface and on
silicon (Refs. 1 and 2 Zimin and Komarowet al proposed  the back side of the silicon wafer by vacuum sputtering. This
another model, based on passivation of the impurity atom§ilm was brazed in at 300°C for 10 min. The aluminum—
by hydrogen. According to this model, during electrochemi-(single-crystal silicofSCS) contacts were ohmic. Measure-
cal anodic etching hydrogen is capable of penetrating fromments were carried out on the met@erous silicoh
the electrolyte through the walls of the voids into the crys-—silicon—metal(Me—PS—SCS—Mge structure with dimen-
talline matrix of the porous silicon, which leads to electrical sions 5<5 mm. The current—voltage characteristi€3/C’s)
passivation of the impurity atoms and the creation of de-of the structures were measured at 300 K ten hours after each
pleted regions around each void. In the presence of a develieat treatment with a voltage step of 10—-100mV in the in-
oped system of voids, the depleted regions can propagaterval of bias voltages=3V in darkness.
over the entire volume of the single-crystal matrix of the Figure 1 shows a plot of typical current—voltage charac-
porous silicon. Zimin and Komardwshowed experimentally teristics of Me—PS—SCS—Me structures basedborSi in
on uncoated layers of porous silicon preparedpeBi sub- the initial state and after a brief anneal in an inert medium for
strates that a brief anneal in an inert medium at temperatureg&-7 min at 450, 500, and 550 °C. Positive bias corresponded
of 500-550 °C for 5—7 min leads to a radical decreélsg to application of a positive voltage to the silicon substrate.
4-5 orders of magnitudein the resistivity of the porous As can be seen from the curves shown in Fig. 1, at room
layer, which is explained by destruction of complexes contemperature in the initial state the CM€urve 1) is charac-
taining hydrogen and boron atoms. In the present work weerized by weak rectification and has the form typical for
have continued the study of the effect of a brief anneal on theuch structures op-type silicon substrates with an amor-
electrical parameters of porous silicon. The objects of ouphous film on a porous-silicon surfat&he samples possess
study were porous-silicon layers with a metallic film depos-a relatively high resistance, and the currents on the forward
ited on their surface. Below we call them coated porousand reverse branches do not exceed 1560@or any of
silicon layers. the investigated structures at a voltage of 3V. Annealing at

Porous layers were prepared by electrochemical anodid50 °C led to an increase of the forward current and a de-
etching in electrolytes based on hydrofluoric acid under therease of the reverse current in the structure. The CVC of the
same conditions as those in which porous silicon was prestructure acquired a pronounced diode chara@erve 2),
pared in Ref. 3. We investigated two groups of samples: irand the rectification at a voltage of 1V was at-3D. Un-
the first group, the porous silicon was deposited on KDB-usual behavior of the CVC was observed after annealing at

1063-7826/99/33(4)/4/$15.00 457 © 1999 American Institute of Physics
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I,mA the relaxation effect in coated layers of porous silicon took
into account those properties possessed by structures with a
metallic film on a porous surface. If we stay with the model
proposed in Ref. 3, which assumes passivation of the impu-
rity atoms by hydrogen, then the observed phenomena can be
explained as follows. It is knowtf that an intense discharge

of hydrogen from porous silicon is observed during high-
temperature anneals. The maximum intensity of this process
is observed at certain temperatures which are included in the
interval of annealing temperatures investigated here. Under
these conditions, not only desorption of hydrogen from the
void walls and the surface layer but also an outflow of hy-
drogen from the crystalline host can occur. Therefore, in the
case of uncoated layers of porous material during anneals at
500-550 °C hydrogen not only breaks its bond with the im-
purity atom, but also appears capable of escaping the bounds
of the material. In this case there is either no repeated passi-
vation of the impurity atoms or it takes place to a lesser

J
'zzz'zzf?' 1 é é Y extent. In coated layers of porous silicon, escape of hydrogen

v,V from the porous material is hindered, the hydrogen remains
0.2 04 06 08 10 within the bulk of the structure, and with the passage of time,
T Tt because of the diffusion processes, again neutralizes the elec-
trically active impurity atom, leading to the relaxation of the
conductivity.

The measured CVC's were analyzed from the point of
view of current-flow processes in the examined structures
FIG. 1. Current—voltage characteristics of Aperous Si—(single-crystal  after annealing. It is knowrthat porous silicon deposited on
Si)—Al structures based op-Si for 20% porosity for:1 — the original  p-Sj under the given fabrication conditions manifests effi-

sample,2, 3 6— after annealing4, 5, 7, 8— after annealing and extended .: o P
) cientn-type conductivity. Therefore, the initial structure can
storage. Annealing temperature, °€:— 450, 3-5 — 500, 6-8 — 550; yp ty

storage time in days4, 7 — 10, 5,8 — 20. The reverse branches of the be represented as_ I\/_Ie—FPSéSCSp)—Me, which is usua”y
CVC's for diode conductivity are subtended by the hatched region. Inset awell analyzed within the framework of the two-barrier

current—voltage characteristics of samp&and 6 in the region of small  model* Determination of the type of conductivity after an-
biads7voltages; inset b: curves of the dependenge=fi{V,) for sample<, 4, nealing at temperatures above 450 °C showed that porous
anar: silicon changes its conductivity type from to p. This
change is attributable to an increase in the concentration of
holes due to a transition of the boron atoms from the passi-
500 and 550 °Gcurves3 and6). After such heat treatment, vated state to the electrically active state. In this case the
the Me—PS—SCS—Me structures transitioned into a lowstructure has the form Me—P®(-SCSp*)—-Me. For low
resistance state with precisely linear symmetric CV@se porosity in the examined samples no change in the width of
inset 3. These results are found to be in good agreementhe band gap in the porous silicon in comparison with silicon
with the datd and are connected with the increase in theoccurs. Therefore, the PS—SCS boundary can be considered
conductivity of the porous-silicon layer by several orders ofas a nonrectifyingg—p™* junction, and thus the experimental
magnitude during the anneals at 500 and 550 °C. CVC's, on the basis of an analysis of the proposed polarity,
However, it is unexpected in comparison with the dataare configured by the operation of one barrier at the metal—
on uncoated porous-silicon layers that the high-temperaturgorous silicom boundary. In this case, to calculate the elec-
anneal is followed by relaxation of the conductivity of the trical parameters of the structure, it is possible to use a clas-
porous layer. It can be seen from Fig(clirves4, 7 and5, 8) sical equivalent circuit consisting of a Schottky barrier and a
that for several days after the anneal, dynamic changes in theeries resistance determined largely by the porous-silicon
CVC'’s are observed and the structure tends to return to itlyer. Table | lists values of the resistance of the porous-
high-resistance state with recovery of the diode character dfilicon layer after various annealing regimes for the struc-
the CVC'’s. This indicates that with the passage of time thdures whose CVC's are plotted in Fig. 1. The data listed in
carrier concentration in the crystalline matrix decreases agaithe table make it possible to track the dynamics of the varia-
and, as a result, barrier effects appear at the Me—Ps and/ton of the conductivity of porous silicon after an anneal and
PS-SCS boundaries. The relaxation was completely absent indicate that such changes are most pronounced during the
the uncoated PS layers. Studies of structures with poroufirst ten days after the anneal. Inset b in Fig. 1 plots the
layers without a metallic film on their surface have showndependence of the current densjtypn the voltage on the
that the low-resistance state of porous silicon is preserve&chottky barrier ¥/;) in the coordinates lp=f(V,). The val-
even after one hour of storage under normal conditionsuesV,; were determined from the experimental CVC'’s, with
Therefore, our analysis of the reasons for the appearance aflowance for the voltage drop in the series resistance of the
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TABLE I. Parameters of Me—PS—SCS—Me structure after thermal anneal. I, mA 43
g

Anneal conditions Resistance of Barrier 50k
Porosity (T,°0O porous Si  height
Substrate by weight,P, % and storage time R Q U, ev
p*-Si 20 Initial state 4580 50
450 223 0.66
500 0.25
500, 10 da. 100 0.65 40
500, 20 da. 127 0.65
550 0.34
550, 10 da. 120 0.64
550, 20 da. 123 0.66 30
n-Si 8 Initial state 910
450 30.7 0.64
500 17.6 0.67 20
500, 20 da. 16.7 0.64
550 16.8 0.62
550, 10 da. 19.9 0.63
550, 20 da. 22.1 0.62 0
-3 -2 -1
Note In the initial state the amorphous film on the porous Si surface con- — . 37 VvV
tributes the resistance. After annealing at temperatures above 450 °C the role? 7 2 ’
of the film is not large(Ref. 3. lz' v,,V
7 02 0.6
3 ~10+ T T T T T
~
- . . 6 S, -9 2
porous-silicon layer. In the coordinates jlaf(V;) the 5 E 3
current—voltage characteristics are straightened out, which, 20F < -4 5
on the one hand, confirms the operation of only one barrier ’t-b’
(Me—PS in the structure after an anneal and, on the other, i
makes it possible to determine the height of the barrier at the -8

Al-PS boundary. The height of the Schottky barrier was - e

lculated by the technique aiven in Ref. 8 for the RiChard—FI-G' 2. Current—voltage chargctenstlcs of Aperous S)—(smgle-c_ry_stal
calcu y q 29 " Siy—Al structures based onSi for 8% porosity for:1 — the original
son constan&** =30 A/cn?K? for p-type Si. The results of sample,2, 3, 5— after annealing4, 6, 7— after annealing and extended
these calculations for the sample characterized in Fig. 1 argorage. Annealing temperature, °€:— 450, 3,4 — 500, 5-7 — 550;
given in the table. The height of the potential barrier at theStorage time in dayst, 7— 20, 6 — 10. Inset shows typical curves of the

. - . . dependence Ip=f(V,) for AI-PS junctions.

aluminum+<porous silicon contact for all the investigated
structures orp*-Si was 0.64-0.76 eV. The ideality coeffi-
cient of the CVC'’s for the investigated Schottky barriers was
equal to 1.3-9.0, which is probably due to the presence ofgiven in the table. The height of the potential barrier at the
an intermediate layer at the metgberous silicoh  aluminum<porous silicon boundary on then-type silicon

boundary’ substrates calculated for the Richardson constAfit
The variation of the current—voltage characteristics of=120 A/lcm 2K? was equal to 0.620.67 eV. The ideality
Me—-PSH)-SCSh)—Me structures prepared amtype sili-  coefficient of the junctions was in the range 2485. The

con after annealing at 450, 500, and 550 °C is shown in Figconductivity of the porous-silicon layer varied hardly at all
2. The forward bias in this case corresponds to applying auring annealing at temperatures above 500 °C with subse-
positive voltage to the metal on the porous-silicon side. Foguent storage. This result agrees with the data of Ref. 3 and
the initial structures the CVC was nearly linear. This behav-s linked, first of all, with the conductivity of the single-
ior is explained by the fact that due to the additional voltagecrystal porous-silicon host without noticeable participation
drop on the amorphous surface layer the current flow througbf the depleted regions around each void and, secondly, with
the AI-PS contact is small. As a result, the AI-PS junctionweak passivation of the donor impurity atoms by hydrogen.
does not possess rectifying properties since the voltage on In summary, the results of our study indicate that in
the junction is near the zero poifitAnnealing altered the porous-silicon layers op*-Si with porosity 16-40% after a
properties of the surface layer, and as a result of annealindprief anneal at 508550 °C the porous silicon undergoes a
the CVC's acquired a typical diode character. The transitiortransition to a low-resistance state. We observed a relaxation
to a high-resistance state with linear CVC’s upon annealingf conductivity in porous silicon coated with a metallic film.

at 500 and 550 °C was absent for thSi—based structures. This relaxation may be linked with repeated passivation of
To analyze the current—voltage characteristics it againmpurity atoms by hydrogen in a closed system. We have
proved to be possible to apply the model with a Schottkyshown that the results presented for porous silicorpsi
diode and series resistance. The resistance of the porousannot be transferred in full to the entire porous silicon. This,
silicon layer and the heights of the AI-PS potential barrieran particular, was demonstrated for porous silicon prepared
for the structures, whose CVC's are plotted in Fig. 2, areon n-Si with low porosity. The role of hydrogen in the for-
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mation of the electrical properties of the porous silicon de-Federation on fundamental studies in chemical technology.

pends on the porosity of the material, the morphology of the  We are grateful to M.I. Mako¥thuk and V.A. Rek-

voids, and the type of dopant impurity in the original silicon shinski (IMRAN, Yaroslavl’) for annealing the samples.

substrate. The transition to the low-resistance state upon an-

healing is probably ab.s.ent.in porous silicon with high POr0S~E-mail: zimin@univ.uniyar.ac.ru; Fax0852 225232
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Photomemory in CdTe thin-film solar cells
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It is shown that a change in the chemisorption equilibrium on the crystallite boundaries in thin-
film photoconverters based on polycrystalline CdTe occurs when they are subjected to

radiation. This leads to the appearance of photomemory as a result of a change in the surface
potential and a corresponding change in the surface recombination rate. This effect may

be the reason for the instability of the parameters of polycrystalline solar cells and can lead to a
degradation and to an enhancement of the photoconversion efficiency. An experimental
technique, which allows one to determine the dominant type of surface state at the boundaries of
the crystallites, is considered. @399 American Institute of Physid§1063-7829)02004-9

Thin-film solar cells based on CdTe have a promising  The experimental data are described well by the depen-
future for wide application. We have therefore set out todence
investigate the stability of their parameters in time and to
consider possible reasons for the appearance of instability. ' 0(t:t1) = Ka(t)exp(—t/7y) + Ky(tr)exp(—t/7y)
As our objects of study we chose solar cells with the struc- —Ks(ty)exp( —t/73), (1)
ture glass—Si@-CdS—CdTe—metal and glass—$iO ] )
CdTe—metal. Since the effects we observed are due mainyneret; andt are, respectively, the exposure time and the
to processes in the high-resistance CdTe active layer, in wha{he that has elapsed after cessation of exposure. The coef-
follows we will not distinguish these two types of structures. ficients K; are weak functions of the exposute: K;

As a parameter sensitive to changes in the active layer=(CiF)", wheren=0.2. The solid curves in Fig. 1 plot the
we chose the reverse dark currdt Information about dependence calculated according to ER). for 7,=20's,
changes irl , were recorded by computer using an amplified 72=2000 s, andr;=50s. . S
and analog-to-digital converter. lllumination with an inten- 10 explain the observed effect, consider a simplified
sity of 5 mWi/cn? was provided by a xenon lamp through a model of the active polycrystalline layer. We assume that the
water filter. layer consists of crystallites of roughly identical shape with

Figure 1 plots curves of the variation of after three ~SOme average si'zd.' The syrfage of the (.:rystall'ites is de-
different exposures, measured on one of the samples. TrRleted by the majority carriers in comparison with the bulk

relaxation of the forward dark current at small biases has &f the layer, and a potential barrier is formed on the bound-
similar character. aries between individual crystallites. The effective lifetime

of the photo-injected charge carriers is determined by the
bulk lifetime 7 and the surface recombination rate on the
intercrystallite boundang.

2 ; ret=(1/r+S/gd) L, @
-1y 2 whereg is a coefficient characterizing the shape of the crys-
tallite (for a sphereg=0.75). As a rule, the recombination
3 rate on the intercrystallite boundary is higher than in the
< -16 volume, and with accuracy adequate for practical estimates
ﬂ: we can set
’\F
=18 Ter=0gd/S. 3
The values ofS and correspondingly.+ depend on the
=20 height of the potential barrier, i.e., on the value of the surface
potential Ug at the boundary of the crystallites. Assuming
=22 ! L | 1 1 ! that recombination takes place chiefly by way of trapping
0 200 ; 400 600 centers located in the middle of the band gap, we can write
s
’ S=Sy/cosiU,/Uy), 4)

FIG. 1. Variation of the reverse dark current after preliminary exposure of
the samples. Exposure timé— 60,2 — 120s,3 — 480s. whereU,=kT/q.

1063-7826/99/33(4)/2/$15.00 461 © 1999 American Institute of Physics
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FIG. 2. Variation of the surface potential as a result of the appearance dfIG. 3. Dependence of the density of photo-induced states on the size of the
photo-induced states at the crystallite boundaries. Exposure 1ime60 s, crystallites.
2 —120s,3— 480s.

Since in the investigated solar cells the generationﬁresen“” inactive form at the boundary and a change in their
recombination component dominatesl i we write for the state occurs as a result of incidence of photoexcited electrons

relative variation of the dark current f':md .holelzs on the §urface. It seems most likely to us that
illumination results in a change in the state of the molecules
lo(t)/1o=S(t)/S(tg) =cosfAU(t)/U], (5 adsorbed on the surface, which is accompanied by a change

where we take as our reference point in time the instant thé the form of the adsorption, e.g., a transition from a weak
illumination is switched offty, andl, is the steady-state form of adsorption to a strong, chemical form of adsorption,

value of the currentt(). SinceU(t)>AU(t) where the reverse process is associated with overcoming a
significant energy barriérwhich is manifested in the long
AUt =U¢In[lo(t)/10]. (6) relaxation times. Judging from the observed relaxation times,

The corresponding dependended (t), calculated from the Photo-injection in CdS films creates at least three sorts of

experimental data, are plotted in Fig. 2. It is clear from theslow centers, two of which are of acceptor tyfieis as-

graphs that the change in the surface potential caused tpmed that the surface of the crystallites is depleted of elec-

illumination is insignificant and for crystallites of large di- trons and one is of donor type. It is most likely that these are

mensions it is possible that it would not even be noticeablewater molecules, and that their fragments, which are in dif-
It is of interest to estimate the change in the amount oferent charge states, can form both donor and acceptor cen-

charge in surface states and in the bulk of a crystallite. In théers.

approximation of spherical crystallites, we obtain the follow-

ing expression for the change in the density of the surfaC%ONCLUSIONS

states:
_ _ We have shown that in thin-film photoconverters acted
AN=AQ/aS=[4mee0AUsd)/(GS)] upon by radiation a change takes place in the chemisorption
=[4eegAUg)/(qd)], (7)  equilibrium at the boundaries of the crystallites, which leads

whereS; is the total surface area of the crystallites. We canto the appearance_of photomemory as a result of a_change n
X ; . the surface potential and a corresponding change in the sur-
thus estimate the dependence of the density of photo-mduc.Ef S
i ) : ace recombination rate.
states on the boundaries of the crystallit&s given AU,) : . .
. . g This effect may be the reason for the instability of the
on the size of the crystallites. The corresponding dependence ; .
is plotted in Fid. 3 parameters of polycrystalline solar cells and it can lead to a
P g. o . . degradation and to an enhancement of the photoconversion
In our case, the mean diameter of the crystallites was ORssicianc
the order of 1um; therefore, the density of light-induced Y.

. : : We have considered an experimental technique which
states at the intercrystallite boundaries was on the order Or%akes it possible to determine the type of dominant surface
10cm™2, which is probably much smaller than the number P P

of states created by defects at the boundary. Note that thlsstate at the boundaries of crystallites.

qguantity depends on the intensity of illumination and is es-
sentially independent of its duration, which indicates that-g mail: victor@Iigtem.ru: Fax:+7-095-2582167
charge equilibrium is established rapidly upon illumination.
Let us consider the possible nature of the photo-induced
states. They are Characterlzed by a Very short formatlon tlmelF F. VOI’kenShtm, Electronic Processes on Semiconductor Surfaces
and an extended relaxation time. It can be assumed, there>U""9 Chemisorptiorin Russiad, Nauka, Moscow, 1987.

fore, that these states are associated with atoms which ameanslated by Paul F. Schippnick
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Results of the application of polarization spectroscopy of the photosensitivity of
ZnO/CdS/Cuin,GaSs, thin-film solar cells with different thicknesses of the C(® and 100

nm) and ZnO(500 and 1000 ninlayers are considered. It is established that the induced
photopleochroism coefficient is lowered while the quantum efficiency of photoconversion of the
solar cells is raised by increasing the thickness of the front layer. The experimental

conditions and spectral dependence of the induced photopleochroism are linked with the
antireflection properties of the ZnO front layers. It is concluded that photosensitivity polarization
spectroscopy can be used for rapid diagnostics of finished solar cells and to optimize their
fabrication technology. ©1999 American Institute of PhysidsS1063-782809)02104-3

Ternary semiconductor compounds and their solid solurelative to the direction of the incident radiation with an
tions with a chalcopyrite lattice are currently being studiedaccuracy no worse than 1°.
more extensively as materials for photovoltaic systéms. 2. The main photoelectric parameters of the investigated
The most efficient solar cells~18%) are fabricated from structures are listed in Table I. It can be seen from them that
Cu(In,GaSe, (CIGS) thin films? For this reason, interest in Variations in the thickness of the Cd8d9 and ZnO @l7n0)
the fundamental physical—technological studies of thin-filmlayers do not have a strong effect on the no-load voltage
solar cells made from ternary compounds of this class ha¥oc. filling factor 8, or quantum efficiency of photopleo-
recently increased. In this paper we report the results of thehroismz. We note that the obvious tendency of these pa-
application of polarization photoelectric spectroscopy to thdameters is to improve as a result of increasing the thickness
study of solar cells containing CIGS layers in contact with©f the front coating. This change can probably be attributed
CdS and ZnO wideband layers of several thicknesses. to an increase in the effect of clearing of the solar-cell sur-
1. As our substrates for deposition of CIGS layers weac€: The spectral dependencesf a number of ZnO/CdS/

used molybdenum-coated glass plates of thickness up thG? Ztructu;es, arr:d ;"SQ a? Ihn/ CIGCSIngrff'?ce—barritlar st[jup-
0.5mm. CIGS films with thicknesses up tquZn were de- ture fabricated on the basis of these lims are plotted in

posited in a system with high vacuunt@0™® Torr) consist- Fig. 1. It follows from a comparison of the spectyahat the

ing of individual sources for each of the components in along-wavelength edge of the photosensitivity in all of these

. . tructures is identical. It obeys an exponential law and can be
combined process of evaporation onto substrates heated % Y P

f i its slope= &(In7)/(hw). |
temperatures of 600 °C. The composition of the films so ob—c aracterized by its slops=o(ins)/(fw). It can be seen

tained itored b ¢ %) and th from the table that the high slope of the long-wavelength
ained was monitored by x-ray spectroscdfpX) and the edgen for the obtained structures corresponds to direct op-

investigated structures contained Cu, In, Ga, and Se in thf'f'cal transitions in the CIGS. The energy position of the slope

amounts of 23.58, 20.06, 6.62, and 49.74% by weight. Ay, anq6 in the spectrgof the investigated structures, defined
layer of CdS was deposited onto the CIGS surface by theryg the transition point from the exponential to the parabolic

mal evaporation; the front layer of ZnO was then depOSite‘hependence, as follows from Fig. 1, varies in the limits
by magnetron sputtering of the target source. The thicknessgs 51 18 eV, which is close to the width of the band gap of
of the CdS and ZnO layers in the investigated structures argye obtained composition of the CIGS solid solution. There-
given in Table I. In addition to the ZnO/CdS/CIGS structuresfore, the long-wavelength edge afcan be attributed to the
based on CIGS films, surface barrier structures were alsgdge of the direct interband transitions in the CIGS film. The
created by vacuum thermal evaporation of indium. observed fluctuations in the magnitudeso€an then be at-

The structures obtained by the method described abovgibuted to the differences in the smearing of the edges of the
were mounted on an STF-1 Fedorov table, which made ifree bands in the CIGS film by the electric fields of lattice
possible to vary the angular coordinates of the front planalefects of various origin.

1063-7826/99/33(4)/4/$15.00 463 © 1999 American Institute of Physics
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TABLE |. Photoelectric properties of thin-film structures based ofili§GaSe, at T=300 K.

Type of structure dcgs, dzno, Uoce S, 012, hon,

Sample nm nm mv B 7, % ev? ev eV P, %
In/CIGS 353.7 0.5 46 2.2 1.6

MG-388

ZnO/CdS/CIGS 50 500 595.3 66 11.2 58 1.45 2.03 14
MG-388-73

ZnO/CdS/CIGS 100 500 595.6 68 114 40 1.36 1.95 17
MG-388-124

ZnO/CdS/CIGS 100 1000 619.7 79 12.2 46 1.34 1.64 11
MG-388-74

As can be seen from Fig. 1, the quantum efficiency of(falloff at #w>2.4eV) and in the ZnO layer&alloff at
photoconversion for comparable structures continues to ing ¢>3.1 eV) (see Table)l
crease in a wide range of photon energies>1.2eV, Note that the spectral contogrfor the Schottky barriers
which testifies to the adequacy of their degree of perfectiomnd the solar cells has good reproducibility when scanning
relative to recombination of photogenerated carriers. Notghe surface of contiguous structures with surface area up to
that complicated oscillations are observed in the spegwé 7 5 cn? (diameter of the light probe 0.2 mirand also in the
the solar cells in the region 1-22.2 eV. They are most dis- faprication of an array of 15 separate solar cells on a surface
tinctly manifested in the structures wittlz,0=1000nm;  geposited in a combined production cycle of a CIGS film or
however, due to their shallow depth of modulation a uniquesgjar cell. All this points to the high local homogeneity in the

interpretation of their nature is still impossible. composition of the CIGS films, which is in line with the
It can be seen from Fig. 1 that the widest-band photo-x_ray (EDX) data.

sensitivity is realized on CIGS-based Schottky barriers. The 3 giydies of the photoelectric properties of solar cells in

full width of the spectray at half-maximumFWHM) 61210 jinearly polarized ligh{LPL) have made it possible to estab-

these barriers reaches 2.2 eV, whereas in the solar cells bfsy, yhat polarization photosensitivity arises for oblique inci-
cause of the influence of absorption it falls in the CdS layer§jance on their front plane, as was reported in Ref. 5. For

angles of incidence of the LP&>0° the short-circuit pho-
tocurrent as a function of the angle between the electric
field vector of the light wavé& and the plane of incidence of
the radiation(PI) follows a periodic dependence—Malus’s
law.® In this case, the relatioif (E||P1)>iS(ELPI) is satis-
fied over the entire spectral range of the photosensitivity of
the solar cell. This relation reduces to the ideniftysi® for
©®=0°, which has to do with the isotropic character of pho-
toconductivity due to the polycrystalline components of thin-
film solar cells.

Figures 2 and 3 show typical angular dependences of the

n

S 5 short-circuit photocurrents and induced photopleochrd?sm
§70 for two solar cells. The character of the angular dependences
- iP andi®, as can be seen from Figs. 2 and 3, is identical.
‘; Indeed, for thep ands polarizations, a® grows, the pho-

tocurrents at first increase, pass through a maximum, and

then begin to fall off. Such a nature of the angular depen-

dence of the photocurreitt is attributed to an elimination of

losses of thep wave upon reflection and agrees with an

analysis of the passage of a light wave through the air—zZnO

boundary based on the Fresnel relatibiidowever, noting

! that such an analysis for thewave predicts a monotonic

10 decay ofi® with growth of @, in the investigated solar cells

i . . . L we see that this analysis notwithstanding, the photocuifent
2.0 3.0 grows with increasing® for ®>0°. This circumstance
hw, eV gives a basis, by analogy witR(®), to also link the growth

FG. 1. Soectral devend e relati i effc oot of i® with the elimination of losses of thewave to reflec-

oo o e A hsapax**ion. The experimental data 6H(6) andi*(6) show that in

ZnOICAS/CIGS solar cell af=300K in natural light(2 — sample MG-  Solar cells withdz,o<<1000nm the ratio of the maximum

388-73,3 — MG-388-124,4 — MG-388-74. value of the photocurrent to the photocurren®at 0° Iﬁ/ |§
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induced photopleochroisi3) on the angle of incidence of linearly polarized
FIG. 2. Dependence of the short-circuit photocurréts-iP, 2—i%) and  radiation on the ZnO plane of the ZnO/CdS/CIGS structurd aB300 K
induced photopleochroisit8, 3') on the angle of incidence of linearly po- (sample MG-388-73, solar ce, A=0.60.m.
larized light on the ZnO plane of the ZnO/CdS/CIGS structureTat
=300 K (sample MG-388-74, solar ce®l, A\=0.50um.

tive to the values expected on the basis of Ref. 8, with al-

falls in comparison with solar cells withl,,o<1000nm lowance for the refractive index for ZnO, may be a conse-
(Figs. 2 and 3, curve®). Therefore the ratiostﬁ/l(s, and quence of interference of the incident LPL in the thin ZnO
Irf;/ If,’ can be taken as a measure of the clearing of the soldayer. The observed regularity was noted earlier for several
cell. systems:10

The induced photopleochroism in all of the solar cells, as  Figure 4 plots the spectral dependence of the induced
can be seen from Figs. 2 and 3, obeys a parabolicRaw photopleochroism of solar cells with various thicknesses of
~02, in agreement with Ref. 8. F@=0°, P,=0 in allthe  the wideband layers. We see that the sensitivity of pho-
solar cells, because of the masking of the natural opticalopleochroism to the geometrical parameters of the solar
anisotropy of the components of the heterostructures by theells manifested in the angular dependenEg@®) is pre-
polycrystalline nature of the layers. Growth ©f is accom-  served in a wide spectral range and remains lower than the
panied by a monotonic increase in the photopleochroisntheoretical value o, estimated from the refractive index
whose values differ for the investigated solar cellsGat for ZnO. The spread in the experimental valuesPpfand
=75° and thus fill the range from 10 to 20% in the spectraltheir weak spectral dependence in the regian>1.5 eV
region from 1 to 3eV. If we take into account that in all the may be due to the antireflection properties of the front layer
solar cells the role of the front layer is filled by the sameof the solar cell. In this case the growth manifested inRhe
material—ZnO, then, taking into account tHat is directly  spectra foriw<<1.5 eV corresponds to departure from the
related to the refractive indét should be expected that the clearing region. If we take the falloff d?, as a measure of
photopleochroism induced by the oblique incidence of theclearing, then it can be seen from Fig. 4 that the highest level
LPL should be identical for all of the solar cells f& of clearing is attained in the solar cell witly,,o=1000nm
=const. An estimate of the refractive index from the experi-(curve 3). The variations irP, revealed by scanning the sur-
mental values ofP,, based on Ref. 8, gives=1.2—-1.4, face of the solar cel(Fig. 4, curves3 and 4) may be a
which is lower than the known value for Zn@=2 (Ref. 9. reflection of local inhomogeneities of the optical parameters
The observed decrease in the experimental valu€s ofla-  of the ZnO layers. It should still be emphasized that the
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effect estimated from th&, values weakens and, accord-
ingly, we see a decrease i) whereas varying the thickness

of the CdS layers in the investigated range does not have a
substantial influence on the photoelectric parameters of solar
cells of this type.

Consequently, polarization studies of the photosensitiv-
ity of CIGS-based thin-film solar cells can be used as diag-
nostics of finished solar cells and correspondingly for quality
control of the production of photoconverters.
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The optical properties of structures with InAs islands and narrow GaAs quantum wells in an
AlGaAs host have been investigated. The InAs islands were formed by depositing a layer of InAs
with an effective thickness less than one monolayer. The effect of an exciton waveguide

and the onset of lasing due to optical pumping in the red spectral range are demonstrated in
structures without external optical confinement by layers with a lower refractive index.

© 1999 American Institute of PhysidsS1063-782809)02204-§

The significant progress that has recently been made imonolayer InAs coatinggwith effective thickness~0.5

the fabrication of quantum dot®D) and the study of their monolayer(ML)] on a GaAs surface an array of islands of

properties can be attributed to the development of a metholeight 1 ML, which have an elongated shapedth ~40 A

used to create such objects by spontaneously transformingamd length~200A), is formed Such structures possess

thin strained layer deposited on the surface of a material witlunique optical properties: a significant increase in the exciton

a different lattice constarit* During deposition of thin sub- binding energy as a result of lateral quantizafidrigh effi-
ciency of photoluminescencéL), and a large oscillator
strength of the exciton even when the effective thicknesses

of the InAs layer are very smdil.The large oscillator
""""""" strength leads to the appearance of pronounced peaks in the
GaAs exciton absorption. According to the Kramers—Kronig rela-
buffer ‘ tions, this results in a modulation of the refractive index near

the exciton absorption energy. If the photoluminescence
peak is found on the long-wavelength edge of the absorption

D7pm Alys Gay, As line (in the region of low self-absorptigrand, at the same
time, in the region of steep growth of the refractive index,
Bz am A, G, NEZZZ22 22 then this could lead to the appearance of a waveguide effect

without the use of external waveguide layers. The use of

InAs SML insertions . .
e S~ submonolayer coatings in the system CdSe/ZnMgSSe has

— F made it possible to achieve lasing in structures without ex-
ternal optical confinemefit’

:_ [ . 104 Cans We used the concept of submonolayer coatings for the

20 pains : system InAs/AlGaAs. Our goal was to determine whether it

is possible to create light-emitting devices based on the ex-
:_ L citon waveguide eﬁect,.wh.ich opergte in the red regi.on of
504 AL Ga A the spectrum. The application of this concept makes it pos-

I~ 0.3 907 AS . . . .

sible to achieve a maximum shift of the laser wavelength
toward shorter wavelengths and enhance the properties of
injection lasers. We demonstrate the onset of lasing with
ez 22 0nm A, ke, As EZZ2Z22 2222 optical pumping without external optical confinement at low
excitation densities.

—— —

0.1 pm Aly; GagpAs _
Samples were grown by molecular-beam epit&»§8E)
on a semi-insulating GaA&L00) substrate on a RIBER 32P
FIG. 1. Diagram of the investigated structures. setup with a solid-state As source. Growth was carried out

1063-7826/99/33(4)/4/$15.00 467 © 1999 American Institute of Physics



468 Semiconductors 33 (4), April 1999 Tsatsul'nikov et al.

T ! I T I T | ELASSLIAL SN LIS UL O (N BN N N RO N A D B U N N AL D SN N ¥
T=15K A ALGaAs E
"o, n
II : " |"|
0"
SML ™ ! } Iy n
\ l ;o dR/dE i
Y AT
N FAGENTRY 3 N : H )
w_ Iy B N\ 1Yo
\\I ‘, I \ tin
\ W 3 L AN
' £ i AYRR
Y ré VoY A T :
] ¥ - \ Sy by
e [ : \ // lll : 1.F]
=4
ﬁ. '.s i \\ // ‘Jl :r"ft=
o o I S’ RN
= 3 } (S
S > ! |
“ Pl p] } I
FS = \ |
o ] | ¥
Pﬁ -~
] Vs 5 3 !
g LA o | i
Ll Q. R )
g aw VAR dR/dE 3 ! PLE:
= \ v VoA e = Lo, i - !
s \\ '[ \| NS~ "r - :
] \ ?
< \ ’l ‘n ,:' : i
N Vi ’ ]
N b 3
- |
I
A\ ! &
.i . "' IO NN U U0 WA YRS S N T T N
SML-QWI 17 1.8 19
// ow a Photon energy,eV
de” ] P N | ) FIG. 3. Photoluminescence spectra, photoluminescence excitation spectrum,
17 1.8 19 2.0 and reflection spectrum of sample SML—QW= 15 K.

Photon energy, eV

FIG. 2. Photoluminescence and reflection spectra of the investigated . 0 i .
samples. respectively’® Similar estimates were not made for the

samples containing InAs submonolayers since the properties
of InAs quantum dots depend strongly on the conditions of

under arsenic-enrichment conditions that are standard fagrowth (temperature, growth interruptions, e¢tcNote that
MBE. Figure 1 shows a diagram of the investigated struc-deposition of InAs in the center of the GaAs quantum wells
tures. The thi(100 A) Al, Ga, ¢As layers were imbedded to leads to a shift of the photoluminescence line b$5 meV
provide electron confinement of carriers. We examinedoward lower photon energies. For all of the investigated
samples with quantum well@QW) without submonolayer structures we observed a long-wavelength shift of the photo-
inclusions(the QW samplesand also with InAs inclusions luminescence line relative to the corresponding features in
with an effective thickness of 0.5 monolayer deposited at thehe reflection spectra. This is because recombination pro-
center of each GaAs quantum wélthe SML-QW sampleés  ceeds from localized states formed by fluctuations of the
We also examined the optical properties of a sample irwidth of the quantum wellgfor the QW sampl@gsor size of
which GaAs quantum wells were absent and the submondhe InAs quantum dotgfor the SML and SML—QW struc-
layers were deposited directly on the,AGa, ;As host(the  tures. In the photoluminescence spectrum of a SML-QW
SML samples The growth temperature of the structure wasstructure the long-wavelength lif@D2 appears in the case
600°C, and during growth of the active medium the tem-of a weak intensity of excitatiofFig. 3). The existence of
perature was lowered to 485°C to avoid segregation antivo peaks points to the formation of various groups of InAs
re-evaporation of In atoms from the surface. quantum dots that differ either in shape or in size. The for-

Photoluminescence was excited either by aril Aaser  mation of vertically coupled quantum dots is also possible.
with pump density~300 W/cnt or by a pulsed Bllaser with  An increase in the pump intensity leads to rapid saturation of
excitation density 100 kW/cfn or by an incandescent lamp the QD2 band, which indicates that the density of the quan-
with excitation density~ 1 mW/cn?, whose light was passed tum dots that form the given line is low.
through a monochromator. Photoluminescence was recorded Figure 4 is a plot of the temperature dependence of the
with the help of a cooled photomultiplier. Photolumines- photoluminescence. Variation of the temperature in narrow
cence was investigated in a closed-cycle helium cryostat. limits 15-25K leads to significant changes in the shape of

Figure 2 shows photoluminescence and reflection spectrne spectrum. The total photoluminescence intensity falls,
of the investigated samples. Two features are observed in thand the intensity of th€D?2 line decreases relative to the
reflection spectra. Theoretical estimates for the structure witintensity of theQD1 band (insed and its maximum shifts
GaAs quantum wells show that these features correspond tiramatically toward lower photon energies. The shift of the
electron—heavy hole and electron-light hole transitionsmaximum of theQD2 band toward longer wavelengths with
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band at~1.75eV. In addition, few quantum dots of larger
size, which correspond to the photoluminescence line at
FIG. 4. Photoluminescence spectra of sample SML-QW at various tem~1.73 eV, are formed.
peratures. The inset showg the temperature dependence of the ratio of inten- | at ys consider the particular features of lasing in the
sities of theQD1 and QD2 fines. investigated structures. It should be noted that optical con-
finement is degraded by the fact that the refractive index of
AlGaAs is less than that of GaAs, which leads to an expul-
increasing temperature, which is significant in comparisorsion of the light wave into the region of the GaAs buffer
with the change in the width of the band gap, is typical oflayer. On the other hand, the strong resonance absorption due
recombination via quantum-dot statkand is due to growth to the quantum dots can lead to an exciton waveguide effect.
of the probability for thermal ejection of carriers from the Besides formation of an optical waveguide due to the exciton
quantum-dot states which are associated with the shoregffect, optical confinement in the given structures can arise
wavelength side of th@D2 maximum. At the same time, the
small shift of the maximum of th@D1 line corresponds to
the temperature variation of the width of the band gap of T ' ‘ ' ' "oy
AlGaAs'? Consequently, we can assume that @21 band /
is associated with recombination of carriers via the approxi-
mately one-monolayer-thick quantum-dot array. In this case,
the width of the photoluminescence line is due to the non-
uniformity in the lateral dimensions of the islands, whose
influence on the energy of the optical transition is signifi-
cantly weaker than the influence of their nonuniformity in
height. It follows from these results that despite the strong
localization of the carriers in the quantum dots that form the
QD2 line, the photoluminescence intensity of this line de-
creases with temperature significantly faster than the inten-
sity of the QD1 band. This indicates that such a fall in the
intensity of theQD?2 line is due to thermal ejection of carri-
ers in the small quantum dots, which account for @@1
line, and not to the states of the continuum. CoLa T R
Thus, on the basis of the optical data we can make the 20 60 100 %0
following conclusions. Deposition of 0.5 monolayer of InAs Temperature, K

in the .Cemer of narrow GaAs quantum Wel|s |e?-ds to the:ig. 6. Temperature dependence of the threshold excitation density for the
formation of a dense quantum-dot array with a height-df  structure SML-QW.
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due to an effective change in the refractive index in the acton energies, which makes it possible to realize an internal

tive region containing the GaAs and InAs layers that possessxciton waveguide. We have demonstrated lasing with opti-

a large refractive index in comparison with the host materialcal pumping in the absence of external optical confinement.
Figure 5a plots the dependence of the total photolumilasing arises at low excitation densities, which makes such

nescence intensity on the excitation density, and Fig. Sistructures promising for the creation of low-threshold injec-

shows photoluminescence spectra when observing from thi#on lasers in the visible spectral range.

end-face of SML-QW and QW structurésee insetat T This work was carried out with the partial support of the

=15K, from which cavities of lengthb=1 mm were Russian Fund for Fundamental Research, the Volkswagen

cleaved. It can be seen from Fig. 5 that for a QW sample aFoundation, and the scientific program “Physics of Solid-

an excitation density- 60 kW/cnt a steep rise in the photo- State Nanostructures.”
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The current—voltage characteristics and photovoltage ofpPd}—CdTe structures and changes
in them produced by pulsed hydrogen treatment have been investigated. The current
transport in PdA—CdTe structurefl ~exp(V)] is found to be linked with double injection of
carriers occurring as a result of their capture at trapping centers that are uniformly
distributed over energy. The semiconductor regime of double injectionIwitif® is important

for Pd—p—CdTe structures. A series of deep trapping centers, including those in the

interval 0.75-0.83 eV, is responsible for the extended relaxation of the photovoltage and dark
current after a hydrogen pulse {H © 1999 American Institute of Physics.
[S1063-782629)02304-2

Among II-1V semiconductor compounds, cadmium tel- Analysis shows that for both types of diode structures the
luride occupies an important place as a material used in theurrent transport mechanism can be explained by double car-
production of a number of optoelectronic devices and, irrier injection into thep(n)-CdTe layers. The quadratic de-
particular, detectors of various types of radiation. A greatpendence on the voltage in structures baseg-@aTe more
deal of attention has been devoted to the study of the eleclosely corresponds to the semiconductor regime of double
trical, optical, and photoelectric properties of CdTe crystalgnjection, where
and diode structurésMany of these studies have revealed

the large role of traps of various origin, which affect the %

lifetime of the majority and minority current carriers and qu(po_nO)“”“PTF' @
which alter the characteristics of the sensitivity of such de-

vices. [In relation(2) L is the thickness of thp-CdTe layer, and the

In this paper we report some results of an experimentatemaining symbols have their usual meanjrigridence sup-
study of the mechanism of current transport in diode strucporting this statement is provided by an estimate of the ef-
tures with a palladium contact based on partially compenfective hole mObility,u; in the insulator regime, where the
satedp- andn-type CdTe. quantity g(po—No) snup7 transforms to,u; . Using the ex-

CdTe crystals were grown by sublimation from pre- perimental data, this estimate gives an unjustifiably high
synthesized polycrystalline material. Growth took place in avalue,u,’r; >10°cm?/(V-s).
two-zone furnace, in a quartz cell pumped down to
10 5 Torr, at a temperature of 850900 °C; the cell moved

at a speed of 0.5 mm/h. By varying the growth conditions we "

obtained partially compensated CdTe samples of potnd 01 02 040810 2 4 681
I T T T 11

n-type with resistivity p=10*—10° Q-cm. Palladium was T
deposited by vacuum sputtering and its thickness was 400 A.
Ohmic contacts were created on the backside of the substrate
by indium sputtering. 0
We measured the current—voltage characteristics, the
photovoltage, and the changes in them in response to pulsed L
hydrogen treatment and also the associated relaxation char—:,
acteristics.
Figure 1 plots typical forward branches of the current— 10
voltage characteristics for P—CdTe structuregcurve 1)
and Pd-a—CdTe structuregcurves2 and3). Curvesl and2 R
were measured &=300K, and curve3, at T=108K. In
curve 1, the ohmic segment is followed by a segment with w08 | | ) ! | |
I~V2, The sample diode structures based re@dTe are 0 04 0.8 12
characterized by an exponential dependence, both at v,V
T=300K and afT=108 K (curves2 and3)

FIG. 1. Current—voltage characteristics of Pd—CdTe diode structures at the
temperaturd’, K: 1, 2— 300,3 — 108. Conductivity type of CdTet — p,
| ~expaV. (1) 2,3— n. Upper scale is for curve.

1063-7826/99/33(4)/2/$15.00 471 © 1999 American Institute of Physics
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For the Pdxa-CdTe structures, in which the electron t

injection in the forward directiom,/I>1,/1, the capture of =1y 1—9X4 - ;” (4)

majority carriers should have a decisive effect on the form of

the current—voltage characteristics. In this case, the energ¥ith 7=80s. Att<200s the relaxation curve can be de-

distribution of the traps in the band gap is of substantiascribed by the sum

importance. The exponential dependence of the current on t
1- exy{ - ;) .

I

®)

the voltage forces us to assume the existence in the band gap 2 li= 2 loi
of a uniform distribution of the trapping centers with respect ! !
to energy. In this case we have The relaxation curve of the forward current in the time inter-
val 100-240s follows dependencgl) with 7=40s, and
2eV
I~exp{m ' @ ofthe trap levels, if it is calculated from the thermal ejection
‘ time 7= 7, expE, /KT with 7o~10 3s, turns out to be 0.81

below 100s it follows dependendB). The energy position
where N,(E) is the trap density per unit energy. From the €V for 7=40s, and 0.83 eV for=80s. For short times at

slope of the dependence legf(V) (curve2) we obtain the beginning of the relaxation curves we have
E.i=0.75 eV.
2¢ The electron trap levels found in Ref. 4 fall in the the
a= —Nt(E)kTqu =8 energy interval 0.750.83 eV. The drop in the photovoltage

in a H, atmosphere is due, on the one hand, to a decrease in
andN,(E)=10"2cm~3-eV-1. At 108 K, according to rela- the height of the S_chottky barrier, as was found to be t_he
tion (3), a=22. From the slope of curv@ we obtain €aS€ for_ example, in Ref. 5, and,_ on the other, to the trapping
a=20, in good agreement with the expected value. Note thaf minority hole (or electron carriers as a result of charge
the order of magnitude of the found trap density correspond§*change of the initialbackgroundl traps and to “tempo-
to values known from a series of experimental studies on thE2Y" levels created by hydrogen absorbed at the Pd—CdTe
electrical, optical, and photoelectric properties of CdTe. boundary. The latter factor decreases the .dlffusmn displace-
From the Fowler tail in the spectral photosensitivity data™ent length. For both reasons the change in the photovoltage
(at T=300K) we determined the height of the Schottky bar-Was 20-30% in the first case, and 11-15% in the second. In
rier in p-CdTe to be 0.95eV, and in-CdTe to be 1.1eV. connection with the decrease in the height of the Schottky
Figure 2 plots relaxation curves of the photovoltage barrier, one might expect a growth of the dark currents in a
and the forward curren®) after pulsed hydrogen treatment. H2 atmosphere. However, both the forward and the reverse
They are characterized by an extended relaxation time reacfurrent fall, in contrast to the data in Ref. 5. This is a con-
ing approximately 430s for the photovoltage and roughlySéduence of capture of nonequilibrium electrons and holes to
240's for the forward current. An analysis of the relaxationth® background levels and to the above-mentioned “tempo-
curves shows that in the time interval 20830's the current  "ary” levels; this is the main reason for the change in the
growth curve is fit by the dependence dark currents. Sinca(p)-CdTe crystals are partially com-
pensated, it can be assumed that acceptor centers in the lower
half of the band gap are active trapping centers of holes and
in the upper half they are electron traps. Hydrogen-initiated

4.3 ; traps, which increase the capture of holes and electrons, fall
e in the energy interval 0.750.83 eV and also probably in the
41 range of lower values.
- 2
e —
3 A 1.4 :::(
> D
’E, :“ 1Semiconductors and Semimetdlscademic Press, New York, 19%78
~ 37F Vol. 13.
=
SN —171.3 2M. Lampert and P. MarkCurrent Injection in SolidgAcademic Press,
150 New York, 1970, Ch. 4.
) SA. Castaldini, A. Cavallini, and B. Fraboni, J. Appl. Phy&3, 2121
(1997.
3.3 L L ' { 1.2 4T. Takebe, J. Saraie, and H. Matsunami, J. Appl. PE$EL), 457(1982.
0 7 2 2 J 4 5G. G. Kovalevskaya, M. M. Meredov, E. V. Russu, Kh. M. Salikhov, and
1, 1% S. V. Slobodchikov, Zh. Tekh. Fif3(2), 185(1993 [Tech. Phys38, 149
(1993].

FIG. 2. Relaxation of the photovoltag#) and forward dark curren®) for
the structure Pdr-CdTe atT=300 K. Translated by Paul F. Schippnick
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Determination of the parameters of deep levels from the relaxational delay
of breakdown of a p—n junction

S. V. Bulyarskil

Ul'yanovsk State University, 432700 Ul'yanovsk, Russia
Yu. N. Serezhkin and V. K. lonychev

Mordovian State University, 430000 Saransk, Russia
(Submitted July 25, 1998; accepted for publication October 1, 1998
Fiz. Tekh. Poluprovodr33, 494—498(April 1999

A technique for determining the deep-center parameters from the relaxational delay of avalanche
breakdown of gp—n junction is investigated. The method implemented does not impose

any restrictions on the relation between the concentration of the deep centers and that of the dopant
impurities and can be used in those cases when the current—voltage characteristic of the

sample is poorly monitored or the equivalent circuit of e n junction is complex. This may

be a consequence of strongly compensated base regions, the presence of high-resistance

layers, or imperfect ohmic contacts. Possibilities of the method are illustrated by the example of
determining the parameters of the gold acceptor lev@ir-n—n* structures with high

gold content Ny,=0.9Ny). © 1999 American Institute of Physid$1063-7829)02404-7

1. INTRODUCTION the base of the diode. In this case it is possible to utilize
measurement regimes in which a charge exchange of the
It is known that avalanche breakdownf-n junctions  deep centers can occur in weak fields.
is of a microplasma character. If the reverse bias on the
p—n junction is suddenly increased, the microplasmas ex-
hibit a breakdown delay.This delay is influenced by deep 2- CALCULATIONAL FORMULAS

centergDC) located in the space charge regi@CR of the Let us consider an asymmetrigal —n junction whose

p—n junction. If the concentration of the deep centers isn-base has acceptor-type deep centers with energy Evel
small, then they can affect the static breakdown delay of th‘?he upper half of the band gap. Let the Fermi level in the
microplasmas. If the concentration of the deep centers i§ e £) at the measurement temperature be greater than
large, where the electric field intensity in the space charg%t_ The deep centers in thebase will then be completely
region changes as a result of the charge exchange, the adry yith electrons ifF — E, is equal to severakT. Com-
lanche breakdown experiences a relaxational delay. Such Gate filing of the deep centers will also be observed in some
delay was first observed by Akimast al” and later efforts o of the space charge region near the boundary with the
were made to use it in the deep—levef! transient spectroscopy pase The width of this regioky, is defined by the coordi-
(DLTS) of the microplasma channels: nate of the intersection poittin the space charge regipaf

~ The most rigorous theoretical treatment of the relax-ynq 4cceptor leve, with the electron Fermi quasilevel and
ational delay of avalanche breakdown was first reported by, the case of uniform doping is given by

the authors of Ref. 5, where the field dependence of the
charge-carrier emission from the deep centers was taken into 2e(F—Ey)
account in the approximation of the one-dimensional theory No= m
of Frenkel' and Poole. However, the thewere forced to d
restrict the analysis to the case of moderate concentration gfhereNy is the concentration of the donor impurity, aNg
the deep centers. is the concentration of the deep centers. In the remaining part
In all of the studies indicated above, the deep-level paof the space charge region the deep centers are almost com-
rameters were determined not from measurements of theletely destroyed. The concentration of deep centers holding
breakdown delay, but from the temperature dependence dfapped electrons is defined by the ratio between the electron
the avalanche breakdown field corresponding to a fixed duten) and hole €,) emission from the deep center
ration of the breakdown delay. e
In our study we have considered a technique for deter- N, = P N;. (2)
mining the deep-level parameters directly from the break- €t e
down delay measured at different temperatures. This teclsuch filling of the deep centers will also occur for a reverse
nigue can also be used in the case of strong compensatiobias U if the p—n junction persists until steady state is
when the concentration of the deep centers is comparable ireached. In this case, the width of the edge regigrdoes
magnitude with the concentration of the dopant impurity innot depend on the magnitude of the applied voltage.

1/2

@
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£ a
£ U_U°°_b exf (en+eyt] -1’

mb

4

where
1
azz(EerE)\)(Lm—Lm) (5

and
" NS b=(Ng—N..)/(N;—N.,). (6)

~ The voltage at which current avalanche or the first mi-
N croplasma pulses appedd {) can be easily determined ex-

1 2 N3 perimentally. IfNy exceedd\, by an order of magnitude or
~ more, the subtracted term in the denominator in @g.can
~ be disregarded and the relation betwddn-U, and the
£y ~ breakdown delay timg, becomes a simple exponential. This
o T at once allows us to determine the mean holding time of the
trapped carriers in the deep centers

FIG. 1. Distribution of the electric field in @* —n junction with deep
centers:1 — before change in the charge state of the deep cerfters;at r=(e,+e )—1
t=t,, 3—att,=0 nooeelo
b b .
If N; and Ny are similar in magnitude, then this same sub-
tracted term can be ignored in the “tail” of the relaxation

Let bias b lied t unc | curve when €,+ep)t,~2 to 3. Another way of determining
t thela revters?t as te ahpphle o_tper junc |_onfequad . 7 is by fitting the dependence &f—U..) ! ont,, which,
o the lowest voltage at which a microplasma is forme 'naccording to Eq(4), is given by

the junction,U.,. We assume that an avalanche current does
not yet flow at this voltage, but appears if it is increased by U U )1z ty) 1 ;
the slightest amount. (U=Ux) "= exp—|— 7. @

We decrease the bias voltage th, and then raise it . ) . .
back toU>U., at thep—n junction. When we decrease the By fitting this expression by the sum of an exponential and a

bias voltage, some of the deep centers previously found iffPnStant, it is possible to determine all the parameters. By
the space charge region are rapidly filled with electrons, an§XPressinge, andE, in terms of the concentration of the

when we raise it again, they begin to emit their trapped elecdeep centers and the geometrical parameters of the measured

trons. The concentration of deep centers, which are |ocate_%tructure, it is possible to obtain the following relation defin-

in the relaxation region and which hold trapped electrond"d the deep-center_ concentratiéfor the majority of the
decreases in time in accordance with deep centersl, <N):

a e Ng—N; N,
N(t)=(N;—N..)ex — (e, +ep)t]+N.., 3) 5= (La—Ly) NG Niko+
and the space-charge density and the electric field increase. Despite the relative cumbersomeness of this expression,
After some timet,,, the maximum field reaches its break- the determination oN, does not cause great difficulties: for
down value and the condition for breakdown of then example, by comparing the dependencg=f(N,) found
junction is satisfied. If the relaxation region, where the deegdrom Eq.(8) and the analogous dependence given by(fx.
centers were occupied, does not touch the ionization regiof the energy position of the levé, has already been found.
of the space charge region, then breakdown of phen  The necessary values bf, andL.. can be determined from
junction will take place at the same maximum field strengththe current—voltage characteristics.
Emp as it does for the bias voltage.. . It is of interest to consider relaxational delay pri —n
Figure 1 shows the distribution of the electric field in the —n* structures. If puncture of such a structure sets in at
space charge region at different times. The symbols alongoltagesU,, less than the steady-state breakdown voltage
the x axis have the following meaningk:, is the boundary U, then the situation simplifies significantly. In this case,
of the space charge regiondt=U.., L, is its boundary at the width of the edge space-charge regignin which the
the timet=t,, andL, is its boundary at,=0: deep centers are completely filled, is less thgnlt can be
easily shown that in @"—n—n* structure with puncture
Li=Lm=Ao, La=Ls=No, Ls=Lp=Ao. the following parametric dependencelobn U holds:

enoEq 12)Y2  engEp
2(F-E)| |  2(F-Ey’

(Le—Lm)|. ®

Herel,, is the boundary of the space charge region at the A
voltage at which the deep centers are filled, which is equal to )\_O -
U,,. The area of the hatched region is the difference between
the applied voltage) and the steady-state breakdown volt-
ageU.,,. From simple geometrical arguments we obtain

U=IEy+ %[(Nd—Nx)ler(Nt—NOO)()\—ZI))\],
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1.0 e
U—U=o( —Lm+No)2(Ne= N ex — (en+ep)ty]. (9)
0.5 Here it is assumed that when the deep centers are filled, the
o voltageU, falls to values less than the puncture voltage.
< 06 This relation significantly simplifies the determination of the
; deep-center parameters. The deep-center concentration is
04 found from the value o) -U,, att,=0
e( Nt_ Noc) 2
0.2 Uo—Usz(I—LmH\O) . (10
0 The procedure for findingN; is analogous to the procedure
! I ] ! . T .
40 0 0 0 720 described above for p™ —n junction.

U,V

FIG. 2. Calculated curves of the dependence of the width of the edge regioﬁ' MEASUREMENT PROCEDURE AND RESULTS

on the applied voltage for @™ —n—n" structure;Nyg=4x10®cm3, .
|5 um. N.— 0. Values of the quantitiesE,), eV an"dNt om 31— We measured the deep-center parameters of gold in

0.5 and 3.6 105, 2 — 0.5 and 3<10'. 3 — 0.25 and 2 10% n-type silicon in epitaxial plangp™ —n—n" structures. The
samples were prepared by boron diffusion into an epitaxial
n-type film with p=1.2Q)-cm grown on a substrate with
p=0.01Q-cm. The influence of curvature and surface break-
down were eliminated by creation of a dividing rihghe
depth of placement of the—n junction was 8..m, and the
thickness of the epitaxial film was 15.2n. Gold diffusion
was carried out for 50 min at 1000 °C.

where the paramete, is the discontinuity in the electric
field at then—n™ boundary, and is the width of the mod-
erately doped region of the" —n—n"* structure. Figure 2
plots such dependences for a silicpi —n—n™ structure

for assorted values dilg, B, andN,. For Eo=0 the ap- The concentration of the dopant impurity, determined

p"‘?d voltage 'SUZUP' It can be seen that fdd>U, the from the current—voltage characteristics of the diodes not
ratio NM/\ is substantially lower and the dependence on the

) o . " “tontaining gold was (4:0.2)x10%cm 3. The steady-
voIt.age IS wgak. This |mpl|es that the W'dth of the rel.axat'onstate breakdown voltagd,, of the structure, for which the
region remains essentially unchanged during the entire rela)?ésults given above were obtained, was 99.6 V/ at room tem-
ation process. '

T g . erature. The characteristic slope change of the capacitance—
. The d|str|.but|on of the.electnc T'eld strength gt different \F/)oltage characteristic is eviden[?:e that ?he structurg is punc-
tlmes.assumlng\zo for this case is s.hovx{n in Fig. 3. Ex- tured atU =745V
pressing the area of the hatched re%"’” n tf rms of the pa- To mepasure the breakdown delay at a constant bias volt-
\r/sggéet::nof the deep centers and fiie-n—n"™ structure, ageU,,, we imposed a voltage step with a leading edge of
about 1Qus. Breakdown delay was measured with use of an
S8-13 recording oscillograph which identified the onset of
breakdown from the appearance of the avalanche current. No
E static breakdown delay was observed, which is explained by
the high gold content in the investigated samples. Before
mb applying the voltage step, the sample was held at the voltage
U, for 5s. This was sulfficient to set up steady-state filling of
the deep centers in the space charge region in the investi-
gated temperature range.

125

115

u,v

105

a5

0 l z

FIG. 3. Distribution of the electric field strength inpd —n—n"* structure FIG. 4. Relation between the avalanche breakdown delay time and reverse
with deep centerst — before change in the charge state of the deep centersbias for ap™ —n—n" structure. Temperaturg K: 1 — 255.8,2 — 278.9,
2 —att=t,, 3— att,=0. 3 — 302.8; timer, ms: 1 — 16.92,2 — 1.99,3 — 0.27.
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case in question for the filling voltadg,,=25V the maxi-
mum electric field in the relaxation region during the relax-
ation process could grow from D@0 V/icm to
— 2.2x10° V/cm. By varying the filling voltage () it is pos-
sible to vary the electric field strength in the relaxation re-
gion. The mean holding time of the trapped carriers in the
deep centergr) was observed to increase with increasing
filling voltage. However, the depth of the energy level varied
n very insignificantly. All this points to the influence of the
electric field on the electron emission from the acceptor gold
L L 1 L i ! L 1 level in silicon. The obtained values efandE; can probably
38 42 L4 A be related to the mean value of the electric field in the relax-
(k1) (eV) ation region(roughly 1¢ V/cm). Inference of the field de-
pendence of the emission of charge carriers from measured
values of the relaxation delay of avalanche breakdown is an
interesting question, but would require a special treatment.
For all of the measurement regimes the relation between
the applied voltagd) and the breakdown delay tintg is 4 CONCLUSIONS

well described by the exponential dependeri® which The results discussed above show that relaxational delay
makes it easy to determine the time: (e, +e;) *. Figure 4 of avalanche breakdown can be used for the spectroscopy of
i”ustrates the agreement betWeen the theoretical a.nd expe@nergy levels in semiconductors. It can be Successfu”y ap_
mental curves for three temperatures. The plotted deperpiied in those cases where the equivalent circuit of the
dences were constructed using measured values of p—n junction is complex. This may be a case of strong
The temperature dependence ©fs plotted in Fig. 5. compensation of the base regions of the deep centers, the
ASSUming that the carrier Capture cross section to the deqﬂfesence of high_resistance buffer |ayers near the space
centers does not depend on temperature, we obtain for th:ﬁ]arge region or ohmic Contact, and also a case of incom-

depth of the energy levél;—E;=0.521eV. This resultisin plete ionization of the dopant impurities in wide-band
good agreement with the energy position of the gold acceptogemiconductors.

level in n-type silicon. The deep-center concentration is
found fromU,—U.,, which corresponds to zero time of the
breakdown delay. At room temperature it is 25.4V. The _
deep-center concentratidt, was determined with the help " V- Grekhov and Yu. N. Serezhkimtvalanche Breakdowns of-pn
of relations(1) and (10). Initially we obtained a rough esti 2Junctions in Semiconductof® Russiar, Energiya, Leningrad, 1980.
; : ) . H P. V. Akimov, I. V. Grekhov, and Yu. N. Serezhkin, Fiz. Tekh. Polupro-
mate, as described above, and then refined it numerically.vodn.4, 2099(1970 [Sov. Phys. Semicondl, 1802(1970].
The necessary values of the parametggsandl were deter- ~ °E. V. Astrova, V. M. Volle, V. B. Voronkov, V. A. Kozlov, and A. A.
mined from the current—voltage characteristics and were Lebedev'(F'Z'OT]ekh' Poluprovod?0, 2122(198 [Sov. Phys. Semicond.
20, 1326(1986)].
found to bel,=4.4um (for U,=25V) and |:_6-6Mm- 4Yu. V. Vyzhigin, B. N. Gresserov, and N. A. Sobolev, Fiz. Tekh. Polu-
The value of the deep-center concentratidth=3.7 provodn.22, 536 (1988 [Sov. Phys. Semicon@2, 330(1988)].
X 10"°cm™2 is about 91% of the concentration of the donor °A. S. Kyuregyan and P. N. Shiygin, Fiz. Tekh. Poluprovods, 1164

. . . (1989 [Sov. Phys. Semicon@3, 729(1989].
impurity Ng. Thus, the proposed technique enables one tOGS. V. Bulyarski and N.S. GrushkoGeneratior-Recombination Pro-

determine the deep-level parameterspian junctions with cesses in Active Elemerfis Russiai, Moscow State Univ. Press, Mos-
almost completely compensated base regions. cow, 1995.

For such a high concentration of deep centers the eIectriéA- Blikher, P_hysics of _Bipolar and Field-Effect Transistdiis Russian,
field in the region of relaxation of the field varies consider- E"ergoatomizdat, Leningrad, 1986.
ably during the relaxation process. Estimates show that in th&ranslated by Paul F. Schippnick
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FIG. 5. Dependence of In(T ?) on the inverse temperature.
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The effect of laser radiation on the current—voltage characteristics and intrinsic quantum yield of
electroluminescence after irradiation is investigated. As a result of irradiation at supercritical
radiant power flux levelggreater than 10W/cn?) an abrupt drop in the luminescence quantum
yield and a steep growth of the leakage currents are observed in the current—voltage
characteristics. It is assumed that by exciting the electronic subsystem of the impurity atoms the
powerful optical radiation facilitates the occurrence of quasichemical reaction4.999

American Institute of Physic§S1063-7829)02504-]

In studies of the mechanisms of degradation of the inwaves, and nonuniform heating. Laser-stimulated diffusion
trinsic quantum vyield of light-emitting diodes and laser di- of Zn atoms and displacement of the boundary of phen
odes it is of interest to examine the effect of self-generated asinction by the action of neodymium laser light\ (
well as external radiation in the optical range on aging pro—=0.53um) was observed in Ref. 7.
cesses in diode structures. The degradation of AlGaAs In this article we report the results of an experimental
double heterostructures occurring as a result of optical excistudy of the effect of coherent laser radiation on the current—
tation of their active region was investigated in Ref. 1. Kryp-voltage characteristics and the intrinsic quantum vyield of
ton laser radiation in the power density rangs 20*—5 electroluminescence after irradiation of gallium-phosphide
x 10° W/cn? with photon energies near the width of the epitaxial diode structures, whose active region is doped with
band gap of the given laser diodes leads to a considerablén and O. The aluminum—yttrium garnet laser with radiation
drop in the luminescence intensity after-3 hours of irra- wavelengthh =1.06um and photon energhv=1.17eV is
diation at 150 °C. The reason given in Ref. 1 for this occur-two times smaller than the width of the gallium-phosphide
rence is the decrease in the intrinsic quantum yield of radiaband gap. Using the same diode structures, we performed
tive recombination in the active region of the hetero-brief current tests lasting 12h at a current density
structures as a result of amplification of nonradiative recom~11 A/cn? and effective temperature of the—n junction
bination channels. The effect of argon laser radiation in the-115°. The structures had contiguous ohmic contacts on
optical range with a flux density of $@0v/cn? at 250°C on  both thep andn sides of the junction. Laser treatment was
epitaxial structures luminescing in the red, based on galliundone at the end-faces of the crystals perpendicular to the
phosphide doped with Zn and (@hoton energy greater than plane of thep—n junction. Optical action on the active re-
the width of the band gap of gallium phosphide, gion of the LED structures was effected by scanning a laser
Ey=2.34eV), was determined in Ref. 2. A decrease in thebeam of diameter~-60um at a rate of~4 cm/s over their
intensity of the red emission band with simultaneous growthend-face. The laser operated in the pulsed mode at a fre-
of the intensity of the infraredlR) band due to transitions quency of 10.2 kHz with a pulse length0.3us and power
between distant @donors and Zg, acceptors was observed. flux density in the pulse~10° W/cm?. Scanning was real-
The reason for this behavior, in their viévis the decay of ized in a single pass with a step of Aén.

Zn—-0 complexes upon excitation of the electronic subsystem For optical excitation at subcritical densities of the inci-
of an actual crystal by optical light. Recombination- dent light energyless than 1®W/cn?) the current—voltage
stimulated diffusion of Zn atoms from the-layerf or the  characteristics of the samples in the working current range
p*-layer of the contaétinto the space-charge region or the remained stable while in the current range 4610 6 A
n-layer with formation there of nonradiative recombination the leakage currents grew slightlsee Fig. 1. No correlation
centers can lead to a drop in the intensity of luminescence dfetween the variation of the current—voltage characteristics
green GaP:N light-emitting diode, in which Zn is the accep-and the intrinsic quantum yield of the light-emitting diodes
tor. Such an effect may account for the appearance of darlafter irradiation was detected. Upon examining the super-
line defects as a result of relaxation of the elastic stress thatitical regimes of laser actiofpower densities greater than
arises as the Zn concentration in the-n junction is 10" W/cn?), we observed a partial destruction of the surface
increased. Laser radiation generates shock waves in materiand a simultaneous steep growth of the leakage currents in
als. Such shock waves have an effect on the properties dfie current—voltage characteristics with an abrupt decrease
irradiated semiconductors, which can also lead to a drop iof the electroluminescence quantum yield. This phenomenon
the luminescence intensitylrradiation of a semiconductor can be explained by avalanche growth of the absorption at
structure leads to a nonuniform density of point defects ohigh radiation power fluxes and significant surface heating
vacancy—interstitial type, the generation of hypersonicaccompanied by the liberation of phosphorus and enrichment
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1072 when the photon momentum is insufficient for direct impact
displacement of an atom. The changes in the quantum yield
- after irradiation may be a consequence of the simultaneous
0L occurrence of reactions of the tygd +hv—R, M+hv
—Q, R+hv—Q, andQ+hv—R, whereM is an inactive
- defect,Ris a radiative center, ar@ is a nonradiative center.
-6 Not ruled out here is the mechanism of thermal defect for-
mation due to strong absorption at inclusions in the volume
5 of the active region. The existence of defects is confirmed by
8| /3 2 1 the results o_f x-ray microanalysis and three-crystal diffrac-
0 I tometry studies.
L - L ! The data obtained here are evidence of the existence in
g 0.5 1.0 15 2.0 the volume of the gallium-phosphide active region of defects
with large photon capture cross sections at photon energies
FIG. 1. Typical current—voltage characteristics of GaP : Zn, O structured17~1.17 €V. Confirmation of the existence of such defects
before(1) and after laser treatment at a power densityo® W/cn? (2) and  can clearly be obtained by examining the luminescence spec-
~10" Wient (3). tra of levels in the band gap ne&y/2. Charge carrier re-
combination via these levels is primarily of radiative type
because of the satisfaction of the conditiBg>ha for

of the surface with metallic gallium. After optical irradiation gallium phosphide, where is the angular frequency of
of the diode structures at subcritical radiation power fluxesthe optical photons.

the luminescence quantum yield was found to grow by

5-6%, on the average, although in the individual samples the1 ) _

radiation efficiency can vary from 20 to + 50%. The mean 2" ?Ifirzoﬁo\éh(iéégaznova M'SA”qree‘gtz aé"zg 'Zl'gggkh' Polu-
value of the electroluminescence quantum yield after 12 h oszr_OS(_) Dnépk’us and(C. H_[Hg;]/;y’ Ay;bl_ S?}ZY?H406’1(19§6. !

tests remained nearly constant and equal to the yield afte?B. Rheinlander, G. Oelgart, H. Halfnet al, Phys. Status Solidi 487,

optical treatment. 4373 (1985. - A ” .
; ; °T. V. Torchinskaya, A. A. Shmatov, V. I. Strochkov, and M. K.
The results of our experiments can be explalned by as Sheénkman, Fiz. Tekh. Poluprovodr20, 701 (1986 [Sov. Phys. Semi-

suming that powerful optical radiation with photon energy cond.20, 442 (1986].
hv~Ey/2 excites the electronic subsystem of the impurity 5T. V. Torchinskaya, T. G. Berdinskikh, and A. G. Korabaev, Zh. Tekh.
atoms upon ionization of the deep levels, for which the con—e\':/'z-s59\(/18);I 134£19|§9K[50V- zhés';ef\,h' Phy%‘:}l 10h36(_1989]-f befect

P i . . s - AL . 9. Vavilov, A. E. KIv, an . R. Niyazovalvlechanisms 0O erec
d_|t|0n T'>T°, (Ref' 8 is easily satisfied. H,ere' IS the life Formation and Migration in Semiconductofs Russiad, Nauka, Mos-
time of the ionized state of the atom amglis the displace- cow (1981, Ch. 8, p. 316.
ment time of an atom. These factors facilitate the process of G. A. Sukach, Fiz. Tekh. Poluprovodal, 857 (1997 [Semiconductors
quasichemical reactions with the participation of impurities ;31 753(1997]. ,

. . . . . A. A. Ptashchenko, Zh. Prikl. Spektrosk3, 781(1980.

and native lattice defects, including vacancies. A subthresh-

old mechanism of defect formation is probably realizedTranslated by Paul F. Schippnick
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PERSONALIA

Vitali T lvanovich Stafeev (on his 70th birthday )
Fiz. Tekh. Poluprovodr33, 501-502(April 1999)
[S1063-782629)02604-§

January 1, 1999 marked the 70th birthday and 45 year
of scientific, pedagogical, and organizational activity of the
well-known scientist, professor, doctor of physical and math-
ematical sciences, Distinguished Scientist and Engineer @
the Russian Federation, Recipient of the State Prize of th
USSR, and active member of the Academy of Engineering
Sciences of the Russian Federation, Vitalvanovich
Stafeev.

Stafeev was born on January 1, 1929. After completing
the course of study of the physical-mathematical departme
of the University of Alma Ata in 1952 he was assigned to the
A. F. loffe Physicotechnical Institute of the Academy of Sci-
ences of the USSR, where he worked until 1964, simulta
neously holding the position of professor in the departmen
of semiconductor physics of the Leningrad Polytechnical In-
stitute. In 1964 Stafeev was named director of the Scientific
Research Institute of Physical Problems of the Ministry of
the Electronics Industry and for a long time was a depart
ment chairman in the Moscow Physicotechnical Institute. In
1969 he transferred to the Scientific-Research Institute o
Applied Physics of the Ministry of Defense Industries, where
he first directed a section, and then became head of a depal =
ment. In 1961 he received the degree of doctor of physicaft
and mathematical sciences, in 1964 he became a profess@is
and he was twice awarded the State Prize of the USSR
1982 and 198B He was also awarded the Academician

A.A. Lebedev Medal. At present, he is chief designer ofyyiry 1 studies of physical processes in dielectric liquids and
photodetector arrays at the Scientific-Research Institwd®  |iqig crystals, studies of the properties of molecular films,
called State Scientific Center of the Russian Federation —nq simulations of neurons and information processing in
the State Unitary Enterprise “NPO Orionand professor at  peyral networks. He developed the principles of functional
the Moscow Physicotechnical Institute. microelectronics utilizing injection-plasma space coupling in
Stafeev is a scientist with a great breadth of knowledgegemiconductor structures and also new circuit and systems
a groundbreaker of new scientific and scientific-engineeringechnologies. In 1958-1959 he made a significant contribu-
directions. He suggested the principles of operation of @jon to the initial phase of the domestic realization of
number of new semiconductor devices, functional logicalsemiconductor-based solar energy technology.
circuits, and image detection, processing, and reproduction  Carried out under his guidance, the integrated studies of
devices. He created highly efficient sensors possessing higiptical phenomena, occurring as a result of heating of the
sensitivity to magnetic fields, pressure, and electromagnetiglectron gas in semiconductors, led to the creation of
radiation. injection-free semiconductor lasers in the far infrared and
Under Stafeev's guidance, studies of the physical prophigh-frequency modulators of infrared radiation.
erties of a new promising semiconductor material, the solid  The scientific activity of Stafeev is reflected in more
solution CdHgTe, were carried out and its industrial producthan 500 scientific papers, 12 books, and 90 inventions.
tion was organized. On the basis of this material infraredvlany of the results of his studies have appeared in mono-
photodetectors and photodetector arrays, which are widelgraphs published in Russia and abroad.
used in various branches of science and technology, were Stafeev is the head of a scientific school. Among his
developed and are now produced. students number 20 doctors of science, more than 60 candi-
Stafeev devoted a significant portion of his scientific ac-dates of science, and recipients of the State Prize of the
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USSR. They work successfully in many cities of Russia andcs,” president of the section “Physics and chemistry of

in other countries of the Former Soviet Union. semiconductors,” and organizer and member of the organiz-
Stafeev is still active in scientific-organizational activity. ing committees of many scientific conferences, symposia,

He organized the publication of the scientific-technical col-and seminars.

lection Micro-Electronics he was one of the participants in We congratulate Vitalilvanovich Stafeev on his jubilee

the organization of the publication of the journklicro-  and wish him health and many more years of productive

Electronics editor-in-chief of the 22nd series of VOWlicro-  gcientific work.

Electronics member of the editorial board of the journals

Physics and Technology of SemiconductmeRadio Engi- 7 |, Alferov, L. A. Bovina, V. I. Ivanov-Omskand L. E.

neering and Electronicsmember of the Expert Committee \/qrop’ev

of VAK, member of the Expert Committee of the Committee

on Lenin and State Prizes of the USSR, vice-president of the

section “Narrowband semiconductors and photoelectronTranslated by Paul F. Schippnick
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Aleksandr Aleksandrovich Lebedev  (on his 70th birthday )
Fiz. Tekh. Poluprovodr3, 503 (April 1999
[S1063-782609)02704-F

January 25 marked the 70th birthday of the Chief Scien-
tific Worker of the A. F. loffe Physicotechnical Institute of
the Russian Academy of Sciences, steady contributor to and
reviewer for our journal, doctor of physical and mathemati-
cal sciences, Aleksandr Aleksandrovich Lebedev.

Lebedev was born in Leningrad into the family of the
famous physicist, Aleksandr Alekseevich Lebedev. After
completing school, he entered the physics department of the
university, and in 1951 began to work at the A. F. loffe
Physicotechnical Institute, with which he has been associated
his entire life. Pursuing the path from a senior laboratory
assistant to chief scientific worker, Aleksandr Aleksandro-
vich embraced the best traditions of the institute, distinguish-
ing himself among his colleagues by his erudition and excel-
lent university training.

The start of Lebedev’s scientific career coincided with
the birth of semiconductor electronics, in the development of
which he participated directly. His entire scientific activity
was inseparably connected with the physics of semiconduc-
tors and to a significant degree defined its present level. He
made a substantial contribution to the development of the
domestic technology of growth of pure and doped germa-
nium single crystals, and also to the study of the character-
istics of devices based on this material. His most important
scientific achievements were connected with the study of the
properties of deep centers in semiconductors. Lebedev and

his coworkers investigated the spectra of the impurity level$,nq in various institutes of the former Soviet Union. Lebedev
of more than 30 elements, and also the energy spectra @f 5 tajented experimental physicist who enjoys the respect of
localized electron states of defects in silicon and galliumy;q colleagues and has earned the esteem of the world scien-
arsenide. In the review articles and monographs dealing Withitic community. Aleksandr Aleksandrovich is distinguished

this topic many references to data obtained by him can bg, 5 rare modesty, generosity of the soul, and a deep sense of
found. Lebedev is linked with the early development of the.qer which draw people to him. Since his early years he

presently_ classical method of deep-level transignt SpeCt_rO%'orrectly understood his proper purpose in life: to be in-
copy, which he successfully developed and put into practicg;q|ye in experimental work and avoid administrative duties.

He published about 300 papers, and together with L. S. Belyg pejongs to the breed of eccentric scientists who have no

man authored a monograph. At present, another one of higaeq of degrees or titles and who pursue only the knowledge
books is to be published. Lebedev was recently in charge

. o " _Oéf the true nature of things.
work on light-emitting porous silicon and other porous semi-  \y/o heartily congratulate Aleksandr Aleksandrovich on

conductors, and he contributed substantially to the undefsig jypilee and with all our hearts wish him health and more
standing of the nature of this new phenomenon. creative SUCCESS.

His pedagogical talent facilitated the growth and devel-
opment of a large number of physicists who are engaged in
scientific work at the A. F. loffe Physicotechnical Institute Translated by Paul F. Schippnick

Students and Colleagues
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