SEMICONDUCTORS VOLUME 33, NUMBER 3 MARCH 1999

REVIEW

Dopant impurity diffusion from polymer diffusants and its applications in semiconductor
device technology. A review

E. G. Guk, A. V. Kamanin, N. M. Shmidt, V. B. Shuman, and T. A. Yurre

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted June 3, 1997; accepted for publication July 6, 1998
Fiz. Tekh. Poluprovodr33, 257—269(March 1999

Aspects of the nontraditional diffusion of various impurities from polymer diffusants into silicon
and IlI-V semiconducting compounds are examined. Data are presented on the application

of this method to the technology of semiconductor devices based on silicon and AlGaAs/GaAs and
INnGaAgP)/InP heterostructures. @999 American Institute of Physid&1063-78209)00103-9

1. INTRODUCTION came to be widely used in IlI-V semiconductor
technology*'~13

Diffusion is one of the oldest methods, successfully used  When polymer diffusants are used, the process breaks up
for many decades, in semiconductor device manufacturininto two stagest1) formation of a glassy film of diffusant on
technology, including for modern devices, and its developthe surface from a special emulsion by drying in air at a
ment and improvement continue. temperature of 200—300 °C, at@) diffusion of the dopant

One diffusion technique involves the diffusion of dop- impurity from this film into the semiconductor. The main
ants from solid-state film diffusants® This technique com- deficiencies of TEOS are low stability of the solution, high
petes successfully with the widespread method of diffusionmechanical stresses which, in some cases, cause cracking of
from a flow of carrier gas, primarily because it does notthe diffusant film, and the unavoidable presence of,SiD
require complicated equipment for monitoring and maintain-the film, which produces complicated changes in the concen-
ing the composition of a gaseous phase, offers a wide varietifation profile of the impurity and requires removal of the
of diffusants and the possibility of using sources containingSiO. after diffusion.

several dopant elements, and can produce low surface con- A fundamentally new approach to creating film diffu-
centrations (15—10' cm3) in a single-stage diffusion Sants, which eliminated the deficiencies noted above, was the

process. development of entirely homogeneous polymer diffusion
The attractiveness of this method should be noted esp&OUrces which include atoms of the dopant elements in the

cially for the technology of IlI-V compounds, since the dif- composition of their element-organic components. Th|s_, idea

fusion process can be carried out in an open system, witho¥as first advanced by researchers at the Physicotechnical In-

taking special measures to maintain a constant pressure Sﬁgf‘f anoﬁh;t?mg?rr_ad ;ichgolgg;c(;ilblnz?%igger{ ;[Es
the volatile group V component in order to prevent thermal" poly X was prop yo POt
decomposition of the material. polymer was only used as a binding material, as a solid car-

: . .. rier, in which the element-organic compound or oxide of the
Polymer diffusants are a relatively new type of solid- g P

tate fil that has b din sil technol ¢ dopant element is distributed with a greater or lesser degree
state film source that has been used in silicon technology fof, uniformity and homogeneity.

less than 20 years and in Ill-V technology for less than 10", ¢3¢t 3 uniform distribution of the dopant element in a
years. , _ _polymer film can be accomplished by bonding it chemically
_ Solid-state film sources were first prepared for use iny the polymer or by its complete solubility in the polymer.
silicon technology in the 1960s. They were obtained froma chemical bond may develop as a result of the photostruc-
solutions of salts or acids. Later, compositions were createqmng process or preexist when a suitable element-organic
in the form of films consisting of a solution of organic poly- polymer is used. Here exact dosing of the dopant becomes
mer (e.g., cellulosg and solid oxides dispersed in them or possible by varying its concentration in the composition. In
other compounds of the dopant elemeigince the end of addition, the possibility of introducing almost any dopant
the 1960s silicon-organic compositions based on tetraethodnto the composition of a polymer diffusant, as well as sev-
ysilane(TEOS and chemical compositions of a dopant ele- eral dopant elements simultaneously, has been demonstrated.
ment have been develop&8’ The interesting experimental data that were obtained in
Diffusants based on TESS® have so far been used the first 6-7 years on compositions of polymer diffusants
successfully in silicon technology and compete both withand their applications in the semiconductor technology of
diffusion from gas flows and with ion implantation becausesilicon power devices were summarized in a book by Guk
of their simplicity and low cost. In the 1980s these diffusantset al?> However, the high level of the results obtained up to
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that time has led to continued, intense research on these dif- 10%° 0%
fusants, both for developing new devices and for expanding

the domain of their applications in the technology of devices 1 —

based on polycrystalline Si and 1l1I-V compounds. These re- 0 R P

sults are discussed in this paper. [/ 1 170
The purpose of this review article is to acquaint readers
with the possibilities for and features of this type of solid-
state film sources, as well as with data obtained over the last ‘g L
decade on the use of these sources in scientific research on

and device engineering of devices based on Si and the llI-V =°
compounds. We shall also point out the prospects for using
polymer diffusants in the fabrication of ultrafingmaller 70
than 100 nm diffusion regions in Si and for controlling the

lifetime of minority charge carriers.

n’c
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2. DIFFUSION OF DOPANTS FROM POLYMER DIFFUSANTS Depth,l).m
INTO SI AND IlI-V COMPOUNDS

. . . ~ FIG. 1. SIMS profiles of the distribution of phosphords and zinc(2) in
In their work on creating polymer diffusant composi- |np.

tions, El'tsovet all* settled on the azide-containing photo-
resists as the most promising basis for chemical modification
of photoresists into polymer diffusion sources. Their main
components are the light-sensitive, low-molecular aryl azidehe composition of the polymer diffusant per unit surface
and a film forming polymer that can be structured. Ultravio-area of the wafer. This distinguishes polymer diffusants fa-
let irradiation causes photolysis of the aryl azide with forma-vorably from diffusants based on TEQOS, for which the sur-
tion of some extremely reactive intermediate products, thgace impurity concentration depends nonlinearly on the
aryl nitrenes. These compounds cause transverse cross linkmount of it in the compositioh.
ing of the polymer chains, which leads to formation of a Since the diffusion of majority dopants from polymer
phototopograph with the specified properties. The use ofliffusants into Si has been described in detail in an earlier
element-organic compounds as either the light sensitive ofeview article? here we shall discuss the possibilities of this
polymer component of the composition makes it possible tanethod for silicon technology, which have been established
form polymer layers which include dopant atoms directly inin the last decade, while diffusion into [11-V compounds will
the composition of a three-dimensional grid, i.e., chemicallybe described in more detail since this method was developed
bonded and uniformly distributed within it. The use of suchat the Physicotechnical Institute comparatively recefitty
polymer layers as diffusion sources makes precise and990 and has no analogs elsewhere in the world.
smooth control of the amount of dopant in them possible.
After formation of a polymer diffusant layer on the wa-
fers by centrifugation, depending on the type of material As noted above, polymer diffusants are attractive for
used, the diffusion process is initiated either immediatelylll-V technology primarily because diffusion is possible in
after the film is deposited or after preliminary thermal de-an open system without special efforts to maintain the pres-
composition in an oxidizing atmosphere. Here the organicure of the volatile group-V components. Thus, in develop-
compounds decompose and oxides of the dopants form a flahg a diffusant, one of the major requirements of the polymer
uniform film on the wafer surface. After thermal decompo-matrix is that it should aid in protecting the semiconductor
sition, diffusion takes place for the required time at temperasurface from decomposition. The mechanical transfer of
tures of 850—1300 °C in Si and 450—700 °C in llI-V com- polymer compositions developed for silicon technology is by
pounds. The choice of optimum temperature andno means always effective, since they were created for an
decomposition time for the different compounds was basedxidizing atmosphere and higher temperatures. Oleophilic
on a comprehensive study of the process and has been deslymers containing Zn have been used for various -V
scribed in detail elsewhefe. compounds. Using InP, the first experiméfts showed that
The first successful experiments with polymer diffusantsthe polymer matrix of the diffusant forms a layer on the
containing B, P, Al, and other dopants in widespread use fosemiconductor surface that inhibits decomposition of the
silicon technology showed that the scatter in the surface corsubstrate; this makes it possible to carry out diffusion of zinc
centrationNg on 60-mm-diam wafers was 5% for low and  at temperatures up to 650 °C for a few hours. The absence of
+3% for high surface impurity concentrations in the diffu- significant decomposition of the surface after diffusion of Zn
sion layer for arbitrary diffusion conditions. Good reproduc-into n°-InP at 500 °C is indicated by the distribution of phos-
ibility of these results from wafer to wafer and from batch to phorus in the diffusion layer of the InFFig. 1, curvel)
batch was obtainetllt was shown that for a given diffusion measured by secondary-ion mass spectromé8iMS).
regime for B, P, Sbh, and As, the surface concentralignis  Analogous results have been obtained for GaAs and the solid
determined only by the amount of impurity introduced into solutions InGaAs, InGaAsP, AlGaAs, InAlAs, and InGaP.

2.1. Diffusion of zinc into IlI-V compounds
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FIG. 2. SIMS profiles of the distribution of Zn in GaA%), InGaAs(2), and
InGaAsP(3).

methods are use€d:?! The polymer film can be regarded as
an unbounded diffusion source for process times less than

The distribution profiles of Zr{Figs. 1 and 2 have a form 2 h and temperatures below 650 °C.

similar to that obtained by traditional methods.
Data on the effective diffusion coefficient for InP, 2.1.1. Diffusion of Zn in Al,Ga; ,As. Published data
InGaAsP, InGaAs, GaAs, InAlAs, and AlGaAs are listed inon the diffusion of Zn by traditional methods in
Table I (prior to diffusion the electron concentration in these AlxGa,—xAs/GaAs structures are quite contradictory, both in
materials was % 10— 107 cm™2 (Refs. 18 and 19 terms of the values of the diffusion coefficient and regarding
The values of the effective diffusion are close to thosethe solubility limit of Zn??*~*The contradictions among
obtained for these materials by other meth8tié?Thereisa  these data are related to the following factors: nonreproduc-

clear tendency toward a noticeable increase in the diffusiofpility of the diffusion conditions, uncontrolled distribution
coefficient with an increasing indium content in the indium- of the intrinsic defects in the skin layer of the AlGaAs, and

Containing Compounds and aluminum in the aluminum-uncontrolled composition of the solid solution with regard to

containing compounds. This tendency indicates that the difAl in the skin layer which differs from the bulk composition.
fusion of Zn is controlled by the self-diffusion of indium, A study of the diffusion of Zn from polymer diffusants
gallium, and aluminum and proceeds by a “kick-out’ into layers of AlGa_,As (x=0.05-0.54)"° showed that
mechanism. Quantitative estimates are difficult, since théhis method can be used to reduce the influence of these
self-diffusion of indium has been determined inaccuratelyfactors on the results of the diffusion. Homogenization of the
and data on its concentration and temperature dependence@mposition of AJGa,,As in the surface region to a depth
are lacking. of up to 0.2um has been observed after diffusion of Pn.

Published datd imply that the dependence of the depth The effect showed up in Raman scattering spectra of these
at which thep—n junction lies ;) on the diffusion time () layers before and after Zn diffusion. Some Raman spectra are

has the same formxfoct) as when traditional diffusion Shown in Fig. 3. Before diffusioficurve 1) four bands were
observed in the spectra which corresponded @ phonons
at 273 and 284 cm' (GaAs phononsand at 370 and 381

TABLE . Effective diffusion coefficients of Zn in Ill-V compounds. cm ™! (AlAs phonong. These bands indicated the existence

— of two layers with different amounts of AlxE0.2 and
Material tem%'gfast';’rr; o b 10 emils x=0.4) in the skin layer of the sample. After diffusion of Zn,

’ eff» only two peaks(263 and 360 cm') were observed in the

InP 500 9.4 spectra, which corresponded to highly doped~(L0%°
INo §Gah AASo 3P0 61 500 9.4 cm %) Aly ,Ga, gAs. The presence of a weak shoulder at 295
N.745% A% 68 37 500 3 cm ! in the Raman spectrum showed that a surface layer
INo 5858 42AS0.9P0.1 500 3.6 -
Ny oG + AS 500 27 with a low AlAs content k<0.1) was formed.
GaAs 650 0.1 Studies of the Raman spectra from different portions of
Gay gAl .1 AS 650 0.9 wafers showed that before diffusion the nonuniformity in the
Gay sAlo.45AS 650 9.1 Al content in the surface layer of the solid solution was as
o Alo.AS 500 9.4 high as 200% over the area of a>380 mnt wafer. After
Note The diffusion time is 30 min. diffusion, the deviation in the Al content for the same wafers

*The electron concentration prior to diffusion wax 50— 1017 cm™3. was less than 15-20%. Besides homogenization of the com-
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position, a drop in the Al content in the surface region was 0%
observed to a depth of 0.1—-0wm.
For all the compositions that were studied, after diffu-
sion it was possible to obtain hole concentrations in the sur-
face layer in the range from>210° to 16%° cm 2 and the 107 F
depth of thep—n junction for x=0.05 and 0.2 was almost
an order of magnitude lower than for ,&a ,As with
x=0.5. s
E 7018

2.1.2. Diffusion of Zn in InP. In InP it is by no means
always possible to attain 100% activation of Zn implanted by
traditional diffusion method&!*2 The concentration of holes
in the doped layer is only 10-20% of the concentration of
the implanted Zri3 It has been shown that the choice of the
concentration of Zni{l,,,) in the skin layer is important from
the standpoint of complete activation of the introduced im-
purity, and that it must not exceed the solubility limit£,) 0* . | . L ) L )
at the diffusion temperature. When polymer diffusants are 0 1 2 3 4
used, it is easy to attain the optimuNy, in the polymer Depth,pm
solution. Polymer films containing no more than 10% of Zn
by volume are the most useful films, as indicated in Ref. 23
for obtaining Zn-doped diffusion layers in InP. In this case,
according to SIMS and Raman scattering data, the hole con-
e coneTonent of e 11 compourd mkes it ey o vesigate
activation energy of the zin€—0.53 eV/(Ref. 23, obtained the different stages of the diffusion process under identical

e . __conditions, which is not always possible with the other meth-
from the temperature dependence of the diffusion coefﬂmen&ds_ These investigations are of interest from the standpoint
Dei. Theoretical estimatésfor electrically active zinc oc-

. ) ) ) 7 of studying defect formation, clarifying the behavior of non-
cupying crystal lattice s.ltes give an actlvat!on ‘energy Ofequilibrium intrinsic defects and their interactions with dop-
0.37 eV, and for neutral interstitial Zn the activation eNergYing impurities, and understanding the diffusion mechanism.
is Q=1.25 eV. Experiments where Zn has been introduced Data of this sort have been published for Af833

by other methods have yielded different valu€®=0.3

NZ'n. ’

07

FIG. 4. SIMS profiles of the distribution of Zn in InP after diffusion at
500 °C for 30 min. The Zn concentration in the source is 1% 20% (2).

These studi€s have revealed a number of interesting fea-
—0.4 eV (Refs. 34 and 36andQ=1.3-1.6 eV (Refs. 20,  {reg of the initial, furthest from equilibrium and least stud-

36, and 37. _ o ied, stage of the diffusion process:
In addition to a different degree of activation produced  _p, the initial stage of diffusion, anomalously rapid dif-
as a result of changing the relationship betw@én and  fysjon of zn atoms is observed with .~ 108 cn?/s at

Lzn, we also see a change in the shape of the Zn distribution7s °c  or two to four orders of magnitude higher tHag,
profile. Figure 4 shows SIMS profiles of the distribution of for steady-state diffusion.

Zn atoms in InP after diffusion at 500 °C for 30 min for two —The degree of activation of the introduced Zn is low,
source concentrations of Z{1% and 20% The profile of  |ess than 50%.
curve 1 corresponds tdNz,<Lz, (1% Zn) and its shape is —The shape of the Zn profile after the initial state of

well known from many paperée.g., Ref. 20 This form of  diffusion at temperatures below 500 °C differs noticeably
the Zn distribution can be regarded as typical for Zn diffu-from that after steady-state diffusigRig. 5, curvesl and?2).
sion into llI-V compounds. An anomalous Zn distribution The greatest deviation is observed f5,>L,,.
profile shape foNz,>Lz, (20% Zn, curve?) has also been —The shape of the Zn profile in semi-insulatingnP
reported in several papet$where it was attributed to rapid obtained after the initial stage of diffusion is similar to the
defect formation in the diffusion region. profiles obtained after steady-state diffusion; i.e., it contains
Thus, the data from studies of the steady-state diffusiom plateau between two different diffusion frofifs.
of Zn into n°%-InP andi-InP from polymer film diffusants are —The initial stage of diffusion is accompanied by the
in good agreement with data obtained by other diffusiongeneration of many microscopic defeéts® Defect forma-
methods. However, in the former case, the data were oltion is greatest foN,,>L,. Here the region in which de-
tained more simply in an open system without maintainingfect formation is observed extends into the volume of the
the vapor pressure of the volatile component of the [ll-Vsemiconductor to a greater depth than the diffusion front.
compound. In addition, the ability to completely activate theComparative studies of the distribution of dislocations and
introduced Zn without subsequent annealing is an importanticroscopic defects over the depth of the diffusion layers,
feature of this method that is not always feasible by otherfollowing the different stages of the diffusion process, have
methods. clarified the behavior of the nonequilibrium intrinsic
Carrying out the diffusion process in an open systerrdefect$® and shown that the defect formation and diffusion
without maintaining the vapor pressure of the volatile com-processes evolve very dynamically with time, and that this
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dyr_1amic_s ha;s es_semia”y been ignored in theoretical analysgss 6. sims profiles of the distribution of B in Si after diffusion @)
of impurity diffusion. 900 °C for 10 min and2) 1000 °C for 10 min.

2.2. New possibilities for this method in silicon technology into its volumé243 or methods which make it possible to

In the last decade several possibilities for diffusion fromremove undesired impurities from the bulk, such as liquid-
polymer diffusants have been elucidated, including the fabphase getterirf§ or gettering followed by prolonged anneal-
rication of ultrashallow diffusion layers, controlling the life- ing at temperatures where the solubility of recombination
time of charge carriers, and using this method effectively incenters is low and the diffusion coefficients are large
scientific studies. In particular, the use of polymer diffusants700—900 °G.* It has been showfi that by using polymer
has made it possible to conduct direct studies of the effect adiffusion sources it is possible to obtain long hole and elec-
sulfur on the parameters of high-voltage devices. tron lifetimes (7, and 7,,) in silicon p—i—n structures even

2.2.1. Fabrication of ultrashallow diffusion layers.It ~ when high-temperature heat treatment is done in air. The
is well known that the traditional diffusion methods do not best results £, ,7,=150—300us) are close to those for the
ensure the reproducible production of shall@ess than 100 original single crystals.
nm) doped and lightly dopedess than 18 cm™2) regions In order to obtain a material with a short minority charge
in Si and this has been the reason for a switch from diffusiorcarrier lifetime by the traditional method for creating high-
technologies to ion implantation for the production of silicon power, high-frequency diodes, a silicon structure withn
MOS structures and integrated circuits. junctions is usually formed and then at a higher temperature

The studies reported in Ref. 4 showed that the use of800—900 °Q atoms of Au or Pt are introduced to create the
polymer diffusants as a source of dopant impurities yieldgequired concentration of recombination centers in the base.
extremely encouraging results. By changing the concentrafhe development of polymer diffusion sources including
tion of the dopant in a polymer diffusant it is possible to gold element-organic compounds in their compositions has
reproducibly vary the impurity concentration in the skin made it possible for the first time to propose a method for
layer from 5x 107 to 10°* cm™ 3, and by choosing the tem- diffusion of deep impurities from a bounded source. As a
perature and time regime, it is possible to achieve completeesult, a high uniformity of the gold concentration was ob-
activation of the introduced impurity and obtain doped re-tained in the bulk of the wafer; the concentration profile of
gions with dimensions less than 100 nm. Figure 6 showdN,, did not have a U-shape. Layer-by-layer measurements
SIMS profiles of the distribution of boron. of the gold concentration showed that the scatte¥ ip was

2.2.2. Controlling the lifetime of minority charge car-  less than 5% over the depth and over the area of the wafer.
riers. Developers of semiconductor devices face variousThis method made it possible to obtain reproducible results,
problems: a material with a short minority carrier lifetime is regardless of the history of the sample; the density of dislo-
preferable for fast-response devices, while a material with &ations and the concentration of the shallow impurity had
long minority carrier lifetime is preferable for high-voltage essentially no effect on the results. It was possible to obtain
diodes and solar cells. These polar opposite problems can B, of 10'3— 10" cm™2 with good reproducibility and carry
solved using polymer diffusants for controlling the lifetime out this process at the high temperatui@30—1200 ° ¢ typi-
in the active region of the device. To obtain a long lifetime cal of the diffusion of shallow impuritie%.
during high-temperature heat treatments, it is common prac- The feasibility of the combined diffusion of boron and
tice to use methods which prevent the penetration of undesplatinum has been investigatédThis was done on ground
ired impurities and Schottky defects from the wafer surfaceand polished wafers of-Si with po=5€) - cm. After a film of
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fur concentration in the diffusion layer was close to the
maximum solubility. A polymer film containing an organic
sulfur compound was deposited onto high-voltage diode
20 structures on eithen-type (po=20—200Q-cm) or p-type
silicon wafers py=10—700()-cm). During diffusion of S,
B initial thermal decomposition of the polymer film was not
T carried out because of the extremely high volatility of,SO
8 /4 76 Diffusion was carried out in air at temperatures of 1000—
t,h 1200 °C and the processing time was varied from 15 min to
FIG. 7. Hole lifetime as a function of the time for combined diffusion of Pt Several_ hours. Afte_r the Surface Iayer was remQVde the con-
and B. centration of electrically active sulfur was monitored.
These studies showed that the diffusion of sulfur into

p-type Si causes a change in the type of conductivity of the
the polymer diffusant was formed, it was decomposed ataterial, while that intm-type Si reduces the resistivity.

450 °C for 30 min and diffusion was carried out in air in the The scatter in the value gf over the wafer area is<5%.
specified regime. The concentration of sulfur was essentially independent of
The concentration and the uniformity of the distribution the cooling rate, of the concentration of dislocatigimsthe

of Pt were estimated from the magnitude and uniformity ofrange 0-2x 10* cm™2), of the type of conductivity, angdg.
7p in the base of the diode structures. For otherwise equalrhe S concentration was affected by the surface treatment of
conditions (for example, with diffusion for an hour at the initial wafers, other conditions being the same: in pol-
1200 °Q, 7, in the wafers with a ground surface is 3—4 timesished silicon it is roughly an order of magnitude higher than
smaller than in the polished wafers. Because of the instabilin etched silicon. This indicates that sulfur is trapped by a
ity of the Pt-Si solid solution, the rate of cooling after diffu- silicon surface only in the initial stage of thermal processing
sion also affects the results of the diffusion. Thus, for ex-(as in the case of Al diffusion in an oxidizing atmosphere
ample, cooling to 800 °C at a rate of 1°C/min increasgs In other words, we can assume that S diffused from a
by several factors. Therefore, air quenchingoling the wa- bounded source. Sulfur penetrates relatively freely through a
fers to room temperature in a few secondss used. When p™*-layer, while ann*-layer retards sulfur. Gettering of sul-
the diffusion time is increased,, falls (Fig. 7). The rise in  fur introduced into silicon by subsequent diffusion of phos-
the Pt concentration with increased diffusion time may havehorus is inefficient. Thus, after diffusion of phosphorus for
an effect on the diffusion mechanism, which is limited by the4 hours at 1230 °C, the concentration of S in a 0.35-mm-
influx of vacancies that diffuse from the surface and form inthick wafer was only lowered by a factor of 3. At the same
the bulk of the material. This mechanism was observedime, prolonged annealing of wafers with imbedded sulfur at
previously® during the diffusion of gold into silicon. Judg- 800 °C reduced its concentration only slightly. In the latter
ing from the minimal value of, that was obtained, as well case, gettering as a result of the decomposition of the solid
as from the degree of compensation of the resistivity of thesolution proceeded slowly, since the diffusion coefficient of
base, the maximum solubility of platinum~@10'® cm™3)  sulfur at 800 °C is too low €10 ° cn?-s™1). The break-
was not obtained in Ref. 47. Increasing the diffusion tem-down voltages () of the diode structures were lower after
perature from 1100 to 1200 °C noticeably increases the unintroduction of sulfur and were consistent with the resistivity
formity and reproducibility of the results, as well as the plati- of the base. It should be noted that the low gettering effi-
num concentration. ciency for sulfur is a positive factor during the deliberate
These experimerftSwere done with sources that contain introduction of this element into silicon in the course of de-
both an excess of Pt and a low Pt concentration, which provice fabrication. However, this also implies that it is neces-
vided for diffusion from unbounded and bounded sourcessary to carefully avoid even traces of sulfur in the production
and made it possible to vary the lifetime from 10 ns taul¥)  sequence for fabrication of high-voltage devices, since sulfur
2.2.3. Effect of sulfur on the parameters of high- is a cause of lowered breakdown voltages in Si-devices and
voltage deviceslntroducing sulfur into silicon by any con- of thermal instability in Sr°
ventional method such as in a sealed ¢&ihevitably causes 2.2.4. Conclusion of Sec. 2.5tudies have shown that
surface erosion. This circumstance has prevented direct irpolymer diffusants greatly extend the set of dopant impuri-
vestigation of the effect of sulfur on the parameters of semities and their combinations compared to the standard film
conductor devices. Sulfur creates donor levels in silicon withdiffusants and other diffusion methods because of the multi-
energiesEy=0.18 and 0.37 eV and has a diffusion coeffi- plicity of monomer and polymer element-organic com-
cient that is three orders of magnitude greater than that gbounds. These features have made it possible for the first
Al*® The diffusion of sulfur into silicon high-voltage struc- time to achieve diffusion of the impurities which create deep
tures from polymer diffusants has been studiétise of a levels from organic sources, along with the joint diffusion of
polymer diffusion source made it possible to control thethese impurities with shallow impurities. As a result, it
amount of sulfur per unit wafer area over a wide rangeseemed possible to control the minority charge carrier life-
which ensured the complete absence of erosion on the silicaime in the active region of silicon devices over a range from
surface. A high surface quality was retained even with thelO ns to 10us.
maximum amount of diffusant{10'’ cm™2), when the sul- Polymer diffusants make it possible to introduce essen-
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tially all the required impurities into Si, and to regulate the as quasiuniform. The magnitude of the differential resistance
surface concentration of impuritiesNf) precisely and in the linear segment of the reverse branch of the pulsed
smoothly over several orders of magnitude, with a high unicurrent-voltage characteristic of the diodes served as a mea-
formity. In a number of casgsuch as the diffusion of sulfur  sure of the uniformity of the diode breakdown. As the ex-
this method is the only way of avoiding surface erosion. Theperiments and calculations showed, the major factor deter-
scatter inNg across 60-mm-diam wafers #s5% for low and  mining the magnitude of the differential resistance for pulses
+3% for high Ny in the diffusion layer for arbitrary diffu- lasting on the order of or more than 10s is heating ava-
sion regimes. These results are as good as those obtained lapche multiplication region by the flowing current. A more
the conventional methods: diffusion in a gas flow, diffusionuniform breakdown corresponds to more uniform heat re-
from TEOS sources, and ion implantation, but have beemease over the diode surface area and, therefore, to a smaller
obtained by a simpler, more convenient, and cheapedifferential resistance. Because of the uniformity of the dif-
method. fusion layer, diode structures with surface areas of 1-5 cm
In the technology of semiconducting IlI-V compounds, were obtained. During a breakdown of these structures the
the use of polymer diffusants makes it possible to carry outivalanche current flows over almost the entire area of the
the process in an open system, without special measures - n junction, even when the reverse current density is 10
maintain the vapor pressure of the volatile group-V compo-A/cm? (for further rises in the current the differential resis-
nents, in contrast with cell diffusion and diffusion in a tance remains constant
carrier-gas flow. In addition, as opposed to the other solid-
state film sources, here it is possible to avoid excess me-
chanical stresses in the surface region of the semiconductdr?- Solar cells

and to ensure complete activation of the dopant impurity. Shallow p—n junctions in silicon are usually produced
These prospects and features have predetermined the efither by diffusion from the gaseous phase or by ion implan-
ficiency of this method in scientific studies, as well as itstation. However, it has been shotithat polymer diffusants
applications in semiconductor device technology. can be used to fabricate shallow diffusion lay&8—1um)
with low scatter in the surface concentration on large area
wafers. Boron and phosphorus containing diffusants have
been used to make solar cells from commercial single crystal
silicon intended for operation with solar concentrators. Their
The results cited above have made it possible to useharacteristics were similar to those obtained by diffusion
polymer diffusants in the technology of high-power silicon from the gaseous phaSeor by ion implantatiorf® The high
semiconducting devices: high-voltage diodes and thyristordjlling factor of the current-voltage characteristi¢8.82—
and modulator thyristors comparable in speed with high0.83 provided evidence of a low spread resistance of the
power hydrogen thyratrons. It should be noted that the unifrontal emitter layer, and that it might be possible to optimize
formity of the diffusion layers is decisive for the production the layer resistance in conformity with a chosen contact grid.
of modulator thyristors. Increasing this uniformity through The scatter in the characteristigshort-circuit current 33—35
the use of polymer diffusants has made it possible to obtaimA/cn? for extraatmospheri¢space solar irradiation, open-
modulator thyristors that have pulse powers of W and  circuit voltage 590 mY of solar cells obtained from a single
risetimes of 15—30 n¥.>° Polymer diffusants are used for 60-mm-diam wafer no greater than2% for an element size
industrial production of the type KU-102 and KU-108 thy- of 4.6x 4.6 mnf.
ristors at the Svetlana Company. Profiled polycrystalline silicon is a promising material
Polymer diffusants have been used for the production ofor solar cell manufacture. Its major disadvantage is a low
various types of solar cells and high-power silicon devicesminority carrier lifetime and, therefore, low solar cell effi-
as well as for creating subcontact layers in AlGaAs/GaAsiency. One feature of polycrystalline silicon is a rather high
light-emitting diode structures ang—n junctions in  density of dislocations, which can also vary over wide limits
InGaAs/InP photodetector structures for fiber optics commufrom grain to grain. This parameter has a strong effect on the
nications. electrical characteristics of polycrystalline silicon, including
on the minority carrier lifetime. A study has been m3def
a high-temperature gettering process for profiled polycrystal-
One application of polymer compositions, which ensureline silicon produced by the Stepanov method and intended
a maximum surface concentration of boron, is the creation ofor the manufacture of large area solar cells. The gettering
high-power, fast diodes with a response time of ¥0s for  efficiency was studied as a function of the density of dislo-
protection from momentary overvoltages. A steffff has cations in the original material. Within the confines of a
been made of the properties of silicon clipper diodes fabri-grain the density of dislocations oscillated about certain con-
cated using polymer diffusion sources. The measurementstant values which are different for different graifrem 107
showed that in some of the diodes there is no microplasmap 10° cm™2). Diode mesostructures were formed on poly-
even for diodes with areas exceeding 1%cwhile in the  crystalline grains with a certain density of dislocations.
remainder the breakdown voltages for the first microplasma The gettering efficiency was estimated from the magni-
are very close to the breakdown voltage in the main area diude of the electron lifetime,, at a high injection level mea-
the p— n-junction. This kind of breakdown can be regardedsured by a method described by Lax and Neust&dt&he

3. APPLICATIONS OF POLYMER DIFFUSANTS IN
SEMICONDUCTOR DEVICE TECHNOLOGY

3.1. Clipper diodes
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FIG. 8. The lifetime of minority charge carriers{) as a function of the fore not possible to obtain smaR. and the efficiency of

density of dislocationsNy;¢) in polycrystalline silicon wafers(1) subjected . . .S . L :

to high-temperature gettering by a phosphorus containing polymer diffusan ese cells rises as the |IIum|r)at|on mtens.lt_y is raised to

followed by low-temperature annealing af@) control samples subjected 60—80 suns and then falls. Besides the traditional structures

only to low-temperature annealing. with “horizontal” p— n-junctions, multijunction concentra-
tor solar cell structures have also been made with vertical

. . . —n junctions®® which meet the requirements imposed on
data on the density of dislocations angwere averaged over P J 9 P
concentrator solar cells very much better.

a large number of samples. A phosphorus containing poly- Collector solar cells have been fabricated usjptype

mer source was used as a getter. High-temperature gettering. wafers(KDB-12 brand with diameters of 4060 mm

was performed for two hours at 1200 °C. The surface con-

; ; +_nh_nt _
centration of phosphorus in the diffusion layer was*10 and th|ckr(ljesse§ o(ijbQ@m u(g:)onl \év_?;ch_ap fE n Strgc h
cm 3. Subsequent low-temperature annealig0 °Q was ture was deposited by gradual diffusion of boron and phos-

. ) > phorus from polymer sourcésThe thickness of the diffusion
performed in order to enhance the extraction of metallic im- e

o " n layers was Jum. After the phosphorus diffusion, the wafers
purities. After removal of then™-layer a shallown™ —p

junction was formed on the wafers at 850 °C with a surfaceVere annealed for 15 hours at 720 °C to getter the deep-level

concentration on the order of ¥cm 2. A high-efficiency impurities. This technique gives an electron lifetifmea-

sured by the Lax methgdof 45-55 us; i.e., the electron

of high-temperature gettering, which made it possible todiffusion length exceeded the base thickrf2&,

raise 7, by several factors, was demonstrated. The gettering The spectral dependence of the reflectivig) (of one of
efficiency depends on the number of dislocations in the poly- . L
the samples is shown in Fig. @urve 3). Compared to a

crystalline silicon. Figure 8 implies that a greater geueringsingle-layer coating, a two-layer antireflection coating gives

effect is attained in regions with low and medium densitiesa wider spectral region for small values of the reflectiviy:
of dislocations. For densities of dislocations of?40° P 9 ’

i 0, = — -
em™2, on isolated mesostructures was as high as 2@s. is less than 5% foh =710-1010 nm. The spectral depen

For densities of dislocations greater thar/ B2, 7, re- dence O.f the carrier colle_:cto_r coefficier@ for the same
. : sample is shown as cunZan Fig. 9, and that of the effective
mains small, at less than Ls. As a result of high-

temperature aettering. the excess 1oss currents imihe collection coefficientQ/(1—R), as curvel. As can be seen
temp! 9 9 : - . P from these data, these multijunction collector solar cells have
junctions caused by metallic precipitates in the space chargae high sensitivity in both the infraredR) and ultraviolet
region were reduced to 16 A/cm? and the diffusion cur-

rents were reduced to I&' A/cm?, while the ideality coef- (UV). In the IR, the high(rate of collection of minority

. - garriers is the result of a reduced distarfcempared to a
ficient of the current-voltage characteristics approache )
unity planar structurecovered by the carriers before they are sepa-

rated by the verticap—n junctions. In the UV, we see a
high rate of carrier collection, because the UV radiation is
absorbed, not in the heavily doped emitter, but directly in the
Solar cells intended for converting concentrated solar ralightly doped base, which has a long diffusion length and
diation have been under development for many y&5#. low rate of surface recombination. Thus, the effective carrier
The most important problem that arises when solar radiatioollection coefficient is essentially independent of wave-
is highly concentrated is to obtain a series resistance of thiength in a wide range of wavelengtf340-1080 nm
concentrator solar cell of no more tha,=10 2—-10"3 The short-circuit currentl¢.) per photoactive surface of
Q-cn?. In the course of developing the traditional structuresa single structure was 27.5—30 mA&rAMO, 25°C). A
with p—n junctions, whose area is perpendicular to the in-characteristic of one of the samples for a concentration
cident solar flux, some mutually contradictory requirementK =22 of the solar radiation is shown in Fig. 10. The open-
inevitably arise for the layer resistance of the emitter, thecircuit voltage (U,.) across this concentrator solar cell
spectral sensitivity, the shadowing created by the contaateached 2350 mV|,.=8 mA, and the filling factor FF)
grid, etc. In this design for concentrator solar cells it is therewas 0.8. The large value &F is evidence of a low series

3.3. Multijunction silicon concentrator solar cells
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resistance £ 102 Q) - cn?) per structure, which has been at- cm™3) layers of solid solutions, which is based on gettering
tained as a result of the continuous metallization of theof background impurities by a solution-alloy doped with
heavily dopedp™- andn*-layers. The radiative conversion rare-earth elements, was used to obtain tHayer. The
efficiency (i) for an irradiation power of 22 suns exceeds i-layer in the photodetector structures had a concentration on
11% (AM1.5). the order of 1 cm 2 and a mobility of (1.6-1.5)x 10*
Therefore, this technology has made it possible, for then?/(V - s) at 300 K®' Diffusion was carried out in a window

first time, the fabrication, from commercial silicon, of con- of an SiQ mask shaped by photolithography. The same
centrator solar cells with verticgd—n junctions that have mask served to protect the periphery of fe n junction.
entirely satisfactory characteristics. Their high sensitivity inThe important feature of these photodetectors is the combi-
the UV means that these structures can be used as sensordI@tion, in a single device, of high-response tine1(Q0 ng,

this region of the spectrum. sensitivity, and low dark currents.
Figure 11 shows current-voltage characteristics of InP
3.4. Photodetectors and InGaAsp—i—n-photodiodes obtained under various

. i diffusion conditions. These studies made it possible to find
The diffusion of Zn from polymer films has been used 104 optimum conditions for producing locpk-n junctions

ST TOT POYITTET.
createp” -regions andy—n junctions in Ins6Ga.4AS/INP, \vith dark-current densities of 810~ 7 Alcm? for a reverse

p—i—n-photodiodes intended for operation in fiber optics 55 of 5 v/. It should be noted that these values match those
communication lines. The design of the-i —n-photodiode for their best known equivalentt.

is shown in the inset in Fig. 1(Ref. 6. The structure was — This method also can be used to raise the yield percent
grown by liquid-phase epitaxy on an InP substrate. An origi-

) d : of suitablep—n junctions with low dark current§Fig. 12,
nal method for growing purévith concentrations below 10 histogram 1 compared to cell diffusioriFig. 12, histogram

a
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1 7y
20

NSl Amia /)
UV 0 ///m...

FIG. 11. The reverse branches of current-voltage characterigtie8Q0 K) 10-11 10—10 10_‘9 1078 0
of p—n junctions obtained under the following diffusion conditiorig) Id,A

T=550°C, 30 min,Nz,>Lz,; (b) T=550°C, 30 min,Nz,<Lz,; (c)

T=450°C, 30 min,Nz,<Lz,. The inset is a sketch of the design of a FIG. 12. Histograms of the distribution over a wafer of the dark currgnt
p—i—n photodiode structurefl) n-InP:Sn; (2) n%InP buffer layer;(3) for a reverse bias voltagd="5 V acrossp—n junctions obtained by diffu-
narrow-banch-InGaAs(InGaAsB layer with a wide gafEy=0.73(0.8) eV; sion from polymer diffusantghistogram 1 and by cell diffusion(histo-
(4) SiO,; (5) p-InGaAs (InGaAsB; (6) n-InGaAsP withEg=1.0 eV. gram 3.
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The dielectric permittivity and conductivity of Gd,Fe Te compounds (€&x=<0.03) are

measured as functions of temperature and frequency. It is found that the Fe atoms are distributed
in a correlated fashion in the Cd sublattice. 1®99 American Institute of Physics.
[S1063-782629)00203-3

In a previous papémwe studied the permittivity and re- The activation energies for jump charge transfer of the
sistance of C¢g_,Mn,Te (0<x=<0.7) for alternating currents defects which cause the rise inwere estimated from the
with frequencies of 100 Hz-10 kHz. There we also pre-temperature curves obtained here using the model of Ref. 1.
sented a model of the experimentally observed, thermally Figure 3 shows the frequency dependences of the per-
activated growth of the permittivity based on jump chargemittivity and conductivity obtained using a VM-507 imped-
transfer between neutral defects which brings deep levelance metef50 kHz—500 kHz and a VM-560 Q-factor mea-
into the band gap of semiconductor materials. It turned ousurement systent50 kHz—35 MH3. It is clear from this
that this phenomenon, first observed in silicon bombarded bfigure thate for the material Cglggede0zsT€ at 77 K is
neutrons from a high-flux beam reactds typical of a broad ~constant over the entire measured frequency range. The per-
class of semiconductor materials. mittivity at 300 K is about 18 for low frequencies and it

We have studied the optical and electrical properties of
Cd,_,Fe,Te compounds# It was found that these materials
are compensated, semi-insulating semiconductors, and the*
iron atoms bring deep levels into the band gap. These prop:
erties are a prerequisite for the appearance of the additiona
polarization which is attributable to the jump charge
transfert

In this paper we present the results of an experimental 0’
study of the dielectric properties of the semiconductor com-
pounds Cd_,FgTe (0<x=0.03). Capacitors with a plate .,
area of about 20 mfwere made of 0.45-mm-thick semicon- %
ductor wafers with different compositions by depositing sil- 5
ver paste on them for the permittivity measurements. The.é
capacitance and resistance measurements were made usi 5 70°
E7-14 (frequencies 0.1, 1, and 10 kHand E7-12(1 MHz) w0
digital impedance meters.

Figures 1 and 2 show plots of the permittivity of
Cd,_,FeTe materials for different measurement tempera-
tures and concentrations of iron. The figures show that at low
temperatures the permittivity of the samples with different 79
values ofx is about 10. As the temperature is raisedn- 2 3,0 4
creases and the increasesins delayed as the measurement 0°/T,K
frequency is I.ncreased' The slope _Of the curves remains COETG. 1. The permittivity of Cgggsd€003sT€ as a function of temperature
stant for a given sample at the different measurement freg, measurement frequencies of 0.1 kH, 1 kHz (2), 10 kHz(3), and 1
guenciegsee Fig. 1 MHz (4).
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70 /T ) K FIG. 3. The permittivity(3, 4) and conductivity(1,2) as functions of mea-

surement frequency. Measurement temperature: 3003 and 77 K(2,4).
FIG. 2. The permittivity of C¢_,Fg Te compounds as a function of tem-
perature for different compositions=0.0035(1), 0.01 (2), 0.02 (3), and
0.03(4). The measurement frequency is 10 kHz.

By analogy with the Cd ,Mn,Te materials, we assume

decreases slowly, approaching the value afbtained at 77~ that the defects with an activation energy o, =0.38 eV
K at a frequency of about 20 MHz. The frequency depenontain a single Fe atom, while those witiE,=0.14 eV
dence of the conductivity fof =300 K in curve 1 of Fig. 3 contain two Fe atoms.

shows thatr increases to a frequency of about 1 MHz and " the Cd_,Mn,Te materials, the displacement of Mn
for f>1 MHz there is a further increase with a tendency todtoms in the Cd sublattice is close to random. Thus, defects

saturate. which contain two Mn atoms are predominant for 0.50.

The observed temperature and frequency dependences f5pr x=0.02 their probability of formation is smaller by more
¢ are fully consistent with the model proposed in Ref. 1,than a factor of 100. _
according to which dipoles develop as a result of jump N the Cd_,FgTe compounds, the change in the num-
charge transfer of electrons between neighboring neutral d&8r ©f Fe atoms included in the defects takes place much
fects in the crystal and produce an additional polarization of°re rapidly than in Cg.,Mn,Te. This may mean that the
the crystal. Electrons which move in jumps should also pro_Fe atoms move in a correlated fashion in the Cd sqblattlce,
duce a hopping conductivity, which increases along with theé?nd that even for small values of x=0.02, the dominant
measurement frequency in an alternating field.is clear ~ defects are those containing two Fe atoms.

from the (f) curves in Fig. 3 that the conductivity of these _1he tendency of Fe atoms to have a correlated disposi-
materials also varies the way it should for materials with glion in the CdTe crystal lattice observed in the above studies

hopping conductivity mechanism. of AE may explz_iin the Iow solub_ility of Fe atoms in
On the basis of an analysis of data from a study C_:dl_XF_eXTe materials, for which a single phase solid solu-

Cd,_,Mn,Te materials, in Ref. 1 we proposed a defect!ion €xists only up tx=<0.05(Ref. 6.

model in which jump charge transfer between the defects

causes a rise im. These defects are defects of the Te sub-

lattice, whose nearest surroundings contain one, two, three,

and four Mn atoms ax is raised gradually from O to 0.70. 'p. w. Zukowski, A. Rodzik, and J. A. Szostak, Fiz. Tekh. Poluprovodn

Each of these configurations corresponds to a unique activa2—'331,Vclf}zﬁtiﬂlgfzmigon;;g;ffﬁ ?(10 éllsgggik b. Maka, A. Rodzik

}\I/lo: aetg?r:g)?f ii (’:iggcetr_ellnIsqg]ng(lfl'rgbn(:;t%frig?s?risé-gﬁfnhgbeosr E/l.glg.DStelmakh, and E. Czarnecka-Such, Phys. Status SoltR&\ 117

in the activation energy for jump charge transfer between®A. Holda, A. Rodzik, A. A. Melnikov, and P. @&owski, Acta Phys. Pol.

defects occur at much smaller values af than in 87,357(1995. _ . ‘
Cd__Mn.Te 4A. Holda, A. Rodzik, A. A. Melnikow, and P. @kowski, Phys. Status
1—X X .

L. Solidi B 189 543(1995.
The activation energy for pure CdTe0) was found SN. F. Mott and E. A. DavisElectronic Processes in Non-crystalline Ma-
to beAE;=<0.12 eV. As the Fe concentration is increased to terials, Oxford (1971).

x=0.0035, the activation energy risesAdE1=O.38 eV and 6J. Furdyna and J. KossuttEds), Semimagnetic Semiconductdiidlir,
remains constant untit=0.01. Asx is increased further to ~ oSCOW: 1992
0.02<x=<0.03,AE,=0.14 eV(see Fig. 2. Translated by D. H. McNeill
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The current-illumination characteristics of CdHgTe crystals with photoactive inclusions are
studied. It is shown that the specific features of the current-illumination characteristics in these
crystals, including experimentally observed superlinear segments, may be determined by
switching of the dominant recombination channels, the removal of recombination barriers, and
decreasing effective geometric dimensions of the inclusions associated with a reduction

in the diffusion displacement length as the nonequilibrium carrier lifetime is lowered. Experimental
data are presented, along with calculations based on a model of recombination fluxes in
different channels. ©1999 American Institute of Physids$$1063-7829)00303-§

The shape of the current-illumination characteristics of An 27 no An
photoconductors is determined mainly by the dominant J=-——i 7= 77, v=vaty==F -, (1a)
| I

mechanism for recombination and the parameters of the driv-

ing pulse(the intensityl and timet;,,).*~>However, that the WhereJxI is the generation ratezy; is 7 in the intrinsic

“ideal” current-illumination characteristics for particular material, n; is the intrinsic carrier concentratiory, is the

dominant recombination mechanisms are not always obinjection level, andv, is the doping level. Fony>(1-3)

served experimentally. This applies, in particular, to crystals¥ 10" cm™® andv,>1, we have

and layers of CgHg, _,Te (x=0.2), where deviations from n,

the dependence with an exponent of 0.3 characteristic of in- J= Fy(vﬁ-l— 20,7+ ¥?). (1b)

terband collisional recombination are often observed at high Al

excitation level$*® segments with other exponents, satura- Whent,,> 1o (7o is the lifetime for a nonequilibrium

tion regions, superlinear segments, ®icThis may be re- charge carrier concentratiohn<ng), a stationary regime

lated to the influence of fluctuations in the composition, in-exists for arbitrary levels of excitation. When<1, the sec-

clusions of a second phase, grain boundaries, €his paper ond and third terms in Eq(lb) are small and the initial

is devoted to an experimental study and analysis of theegment of the current-illumination characteristic has a linear

current-illumination characteristics of homogeneous and independence of the form Idn=<log 7p+logl, which is dis-

homogeneous CdHgTe crystals. placed relative to the coordinate origin by an amount#dpg
As the parameters of the material, (ny) or the temperature

EXPERIMENTAL RESULTS AND DISCUSSION _

We have studied CdHgTe crystabs=0.2) with equilib- 2 //g?.(

. . . . 70
rium carrier concentrations,~ 10— 10 cm™2 excited by A/Ay 8
B¢
»{”f
.

pulses from an Nd lasewavelengthA ~1.06um, tjn,~2
X 1078 s) at a temperatur@ =77 K. The nonequilibrium
charge carrier lifetime- was determined from the photocon-
ductivity relaxation kinetics. The composition of the crystals
was monitored using an electron-probe x-ray spectral mi-
croanalyzefCamebay as well as the long wavelength edge
of the photoabsorption spectra. A typical distribution of the
composition in inhomogeneous CdHgTe crystals is given in
Ref. 7.

Figure 1 shows experimental current-illumination char-
acteristics for homogeneous CdHgTe crystals with different
values ofn,. They typically have several segments: linear 0 m y b = = =
(with a slope of~1), sublinear(a transition region with a v 10 0 0 % 10
nearly linear slope of 0)3and saturation. The steady-state I, arb.units
qontlnw_ty equation _for the_ mterband_ collisional recombma_FlG. 1. Current-illumination characteristics of homogeneous CdHgTe crys-
tion which predominates in crystalline CdHgT&=0.2), tals (x~0.2). ny (10° cm~2): 0.33(1), 0.62(2), 1.2(3), and 2.7(4). U, is
disregarding the diffusion and drift terms, is: the photoconductivity signal.

T T

U, , arb, units
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T are varied,ry changes accordingly and in the initial seg-
ment of the current-illumination characteristic a family of
parallel straight lines displaced with respect to one another,
with the same slope, will be observéfig. 1) (here the
recombination is linear For medium levels of excitation
(v,>7vy>1) the effect of the second term in E(Lb) be-
comes greater. Foy>(1/2)v,,, T decreases with increasing
An (7<An~1), and the current-illumination characteristic
enters a sublinear, nearly quadratic, segntfort y<v,, the
partial contribution of the third term in Eqlb) is less than
25%). As the level of excitation is raised, the third term in
Eq. (1b) becomes predominant, the slope of the current-
illumination characteristic decreases and, for high excitation
levels (y>2v,), we have rxAn~? and J<An 3. Evi-

dently, the length on the | axis of the segments of the 0"\ X L L L .
current-illumination characteristic with different slopes is de- 10 10 0 0 0 0
termined by the relationship betweenanduv,. The slope I, arb. units

is ~1 for y<(1/2v,, in a transition regiorn(slope close
Y ( ) n 9 A P FIG. 2. Current-illumination characteristics of CdHgTe crystats=0.2)

.to 0.5 for (1/2p,<y<2v,, and ~O_3. for y>2v,. W'lth with photoactive inclusions. The different curves correspond to different
increasingv,, (and, therefore, decreasing), the transition  samplesu, is the photoconductivity signal.

region into the sublinear segment is shifted toward higher
intensities.

Linear generation occurs faf,, <o; i.e., in the initial
segment of the current-illumination characteristic a linear deds through thes-centers increases; the current-illumination
pendence ofAn(l) develops (log\n=logtm, +logl) and its  characteristic enters saturati¢go-called optical charge ex-
displacement with respect to the origin is determined only bychange takes plager, falls, and the photoconductivity satu-
timp. Note that the current-illumination characteristic can re-rates with increasing. For further increases ih, whengs
tain its linearity even fodn>n, as long as(An) remains >gra;1 (a,=C,,/C,s<1), the recombination flux is con-
greater thart;,, and with further increases idn, 7 be-  trolled by thes-centers and is bimoleculdfor high concen-
comes shorter thafy,, ; i.e, a stationary regime sets in and trations of s-centers they are increasingly filling by holes
the current-illumination characteristic enters a sublineauntil the conditionr,= 7, is satisfied and the photoconduc-
phase. tivity is bipolar).

At very high excitation levels the current-illumination The current-illumination characteristics of CdHgTe crys-
characteristic saturates, perhaps as a result of a bolometiials with photoactive inclusions must be analyzed taking into
effect, i.e., a reduction in the thickness of the layer in whichaccount the dominant recombination processes in the matrix
recombination takes place as the surface diffusion lehgth (v) and inclusions i), as well as the possibility of their
becomes shorter with increasidq.® switching from one to the other at certain excitation levels

Segments with other slopes of the current-illumination(for example, taking into account the growth, as the concen-
characteristic are observed in some crystals and layers dfation of collisionally interacting carriens increases, in the
CdHgTe, including superlinear segmef(fsg. 2) which may  probability of an interband collisionakehprocess from
result from other dominant recombination mechanisms or th&hockley—Read for low concentrationsrefands-centers to
effect of photoactive inclusions on the formation of theinterband collisional Here for each mechanism a segment
current-illumination characteristic. with a characteristic variatiodn(l) may be realized. It is

When Shockley—Read recombination predomindies also necessary to take into account the dependencdenarf
the compensated or wider bang>0.23) crystal$19 the the ratiosr /7, of the lifetimes in the matrix and in the
current-illumination characteristic can be described using @nclusions, the recombination barrieB,.,*! the diffusion
model with recombination centers of two typeandswhich  displacement lengt.,, and other parameters, which can
are asymmetric in the capture coefficients for halgg, ¢ change the partial contributions of the recombination fluxes
and electron<,, g .2 In the initial segment, whileé\n still in the matrix and inclusions to the effective lifetimgy of
does not change the electrhlp, and holeP,, concentrations nonequilibrium charge carriers @ increases.
at ther centers significantly, recombination is monomolecu-  Let us assume that in the matrix and inclusions recom-
lar and the current-illumination characteristic is lineag, bination is determined by a single dominant mechanism, in-
*(CnPro) 1. For medium excitation levels, wheR, is  terband collisional, but with different rates for this process,
comparable taAn with N,~const, recombination is bimo- which are attributable, for example, in the case of recombi-
lecular and the current-illumination characteristic enters anationally active inclusions, to a narrowing of the band gap
segment with a slope of 0.5, wherg=(C,,,An) 1. At high Eg or (and an elevated concentration.
excitation levels, wheiN, decreases and hole filling of the In the case of inclusions witlky<Eg,, 7e iS deter-
s-centers is significant, the contributigp of the recombina- mined by the sum of the recombination fluxes in the matrix
tion flux through ther-centers becomes smaller and the yieldand the inclusions,
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w®t a In the case of inclusions withg;>ng, , the lifetimes in

the host and inclusions satisfy the conditions<n, 2 and
riocni‘z, respectively. In the diffusion regions at the matrix-
inclusion boundaries, recombination barrtérg,.. partici-
pate in recombination. Although these barriers incregse
compared tor;, calculations show that they leave these re-
gions recombinationally with respect to the host. In this case,

1
et | Vi o e E el KT)

1 -1
o= (Virvo)NT ®

where |E,d=kTIn(n;/n,)=kTIn{(ng+An)/(ne,+An)} and
E ec— 0 with increasingAn.
Figure 3b shows families of current-illumination charac-

10 L L —L teristics calculated using E@3) for CdHgTe crystals with
0w®  w0® 07w 0 70 10 these kinds of inclusions at concentrations;=0
1, om s —10° cm™® for the following parameters: ng,=3

X 10" cm™3, r,=103 cm, andng;=3x 10" cm 3. There
FIG. 3. Calculated current-illumination characteristics for CdHgTe crystalsis no superlinear segment of the current-illumination charac-
(X*0_-28(1")”*11020(;3TO}T;)CT;(Z)”303’1%‘;'22)"’“‘100’;9(\2)(Emfls) OI, inclu- — teristics in this case, since the reductiorLig with increas-
>1ons: o5, ‘ ‘ ‘ ’ - SXplanations &€ - ing An is compensated by a reduction in, and then the com-

in the text.
plete elimination of, the recombination barriers. The carrier
concentration in the matrix equilibrates am also de-
creases, primarily because of inclusions with small devia-
1 1 -1 tions of ny; from ng,. For An~ng~ng, and E,~=0, it
Teir= | ViNi :I +VpN; T_D + T_U[l_ (Vi+Vp)Nilt turns out that-, = 7; and the crystal becomes recombination-

2) ally homogeneous with an exponent-60.3 in the current-
illumination characteristic. These inclusions affect the

whereV; andV;, are the volumes of the inclusions and of the current-illumination characteristic only in the impurity con-
diffusion regions associated with them, respectively. Foduction region; asT is increased and a transition into the
spherical  inclusions Vi=(4/3)7-rr§ and Vp~4m(r, intrinsic conduction region takes place, the concentration of
+L/2)2L, wherer, is the average radius of the inclusions; free carriers equilibrates over the sample, the inclusions dis-
N; is the concentration of inclusiong;~L,=(D7)¥2 for ~ appear, and the current-illumination characteristic takes a
re>Lp andL=(r.Lp)Y?for r.<Lp,*? whereD is the dif-  form similar to that shown in Fig. 1.
fusion coefficient (-4 cnf/s), andrp~r; . The picture becomes more complicated when both types
Figure 3a shows families of current-illumination charac- of inclusions are present, as well as when there are different
teristics calculated using E42) for CdHgTe crystals with Mechanisms for recombination in the matrix and in the in-
inclusions that haveEy<E,, and concentration\;=0 clusions, such as Shockley—Read recombination with several
—10° cm ™3 for ny=3x10%cm3, r,=10"3cm, and types of recombination levels and interband recombination,
=108 s. WhileAn is small, 7, and thereford., are inde- ~ collisional or(and radiative, as is typical of most wide-band
pendent ofAn and the current-illumination characteristic is Semiconductor%.ln this case, their partial contribution to the
linear with a slope of 1. Ad\n increasesys, andLp and, overall recombination process in the crystaldas increases
therefore, the effective volumé, +V;, of the inclusions de-  (and, accordinglylp, andE, decreasemay change within
Creasdthe second term in E(QZ) approaches Ze)'pthe crys- certain ranges df, and the Shape of the current-illumination
tal becomes “light sensitive,” and the current-illumination characteristic will be determined by the exponents that are
characteristic enters a Super"near Segment_ With further irpharacteristic of these mechanisms; this is often observed in
creases imAn, the ratio of the volumes of the matrix and inhomogeneous and polycrystalline semiconductdrs’:*
inclusions stabilizes and the current-illumination characteris-
tic enters a segment with a slope of 1/3. Note that with in-
creasingAn, 7,— 7;, but for inclusions withx;<x, and for 1S. M. Ryvkin, Photoelectric Phenomena in SemiconducfansRussiar,
large An, the inequalityr;< 7, is maintaine&® and the in- zca‘ék"’ta'\é'ﬁlfgfg\‘fli‘i% Lyubchenko, and M. S. Shianan,Nonequilb-
clusions remain recombinationally active. For a more exact \j; processes in Photoconductofs Russiad, Nauk. dumka, Kiev
analysis, in Eq(2) it is necessary to take into account the (1981).
quasielectric “constricting” field of the variable-gap regions °V. A. Zuev, V. G. Litovchenko, and G. A. Sukach, Fiz. Tekh. Polupro-

: : : : PR vodn. 9, 1641(1975 [Sov. Phys. Semicond, 970 (1975].
(which can be done by replacirig, with the diffusion-drift 4F. Bartoli, R. Allen, L. Esterowitzt al, J. Appl. Phys45, 2150(1974.

+ o=y 1 ; ; .
lengthsL ™, |—_ ) as well as the different doping levels in sy | viasenko, K. R. Kurbanov, A. V. Lyubchenko, and E. A. Sal'kov,
the host and inclusions. Ukr. Fiz. Zh. 27, 1392(1982.
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The temperature dependences of the lifetime and photoconductivity spectral characteristics of
Cd,Hg, _,Te (x=0.2) crystals with photoactive inclusions have been studied. It is shown

that theN-shaped temperature variation in the effective lifetime in inhomogeneous crystals, in
particular, its sharp temperature activation in the region of the transition from impurity

to intrinsic conductivity, is determined by an interband collisional process with recombinationally
active regions whose effective geometric sizes change as the temperature is raised, rather
than by a Shockley-Read mechanism. The smoothing out of the nonmonotonicity in the
photoconductivity spectral characteristics in the fundamental absorption region during

heating is explained in terms of this model. Calculations in qualitative agreement with the
experimental data are presented. 1®99 American Institute of Physics.
[S1063-782629)00403-2

The functional parameters of semiconducting materialdong-wavelength peak of the spectral photoconductivity
are extremely sensitive to their degree of structural perfeceharacteristics. We have published typical spatial distribu-
tion. This is true to a great extent for semiconducting solidtions of the compositions of the components of these crystals
solutions characterized by a developed system of point andisewheré:?> The measurement samples were prepared by
extended defects, in particular, Eth; ,Te. It has been traditional method§.
showrt~*that fluctuations in the composition, inclusions of a Figure 1 shows the temperature curveg(T) for crys-
second phaséespecially T¢ and small angle walls lower ta|s (x~0.2, ny~1x 10" cm~3) with narrow-gap inclu-
the photosensitivity and affect the electrical properties of thejgns. Also shown here are the calculated lifeting@) for
crystals>™’ Nevertheless, a number of questions relating tointerband collisional recombinatiofdashed curveand ex-
the behavior of the photoconductivity in inhomogeneousyerimental data for a uniform crystal &). Most crystals of
CdHg, ,Te crystals, in particular, its temperature charac-s type are characterized by a nonexponential dependence

teristic;, require further experimental study and theoretical), jne with several exponents, including long-lived compo-
analysis. This paper is devoted to a study of the temperaturﬁems(up to 5008) in @ number of cases, in the photocon-

dependence of the photoconductivity in these crystals. ductivity relaxation curves, a substantial reductionrig,

and a deviation of their temperature and concentration de-
EXPERIMENTAL RESULTS AND DISCUSSION pendences from the theoretical curgés the interband col-
We have studied CdHgTe crystals with=0.19-0.21 lisional recombination mechanism that predominates in these

and equilibrium carrier concentrationsiy~3x 10— 6 crystal3. This behavior may be indicative of the presence of
%10 cm~2. The concentration and mot(:))ility/u@) were effective recombination sinks in the host that getter nonequi-

measured by the Hall method in weak magnetic fields. ThdlPrium charge carriers from the volume of the hosn the
spectral dependences of the photoconductivity in the steadefi(T) curves with increasing there is typically a reduction
state were studied for wavelengths- 2— 15 um. The effec- 1 the I|fet|n_1_e in th(_a impurity conduction region, actl_vat!on_
tive nonequilibrium charge carrier lifetimey; was estimated N the transition region, and then a sharp drop in the intrinsic
from the photoconductivity relaxation curvéaccording to ~ conduction regioricurves1-4). In some crystals, in the im-
the segments with the largest partial amplituegcited by purity conduction region only a smooth fall in the lifetime is
CO, laser pulses X=10.6um) (at temperatures where the observed(curve 5). In the intrinsic conduction region a de-
band gafE,<0.117 eV and GaAs laser pulsea € 0.94m) viation of ther.4(T) curve from the theory is often observed
(at temperatures where the crystal becomes transparent af@i this matrix composition.

insensitive to CQ laser light; the correctness of the attribu-  Figure 2 shows the spectral dependence of the photocon-
tion of the 7.4 measured in this way to the bulk lifetimes has ductivty of sample 4 at several fixed temperatures in the
been discussed elsewhé&eThe measurements were made interval T=77—300 K. The absence of a distinct intrinsic
at temperature¥ = 77— 300 K. The amounts of the principal photoconductivity peak and the spreading out of the long-
component$Cd, Hg, Te in the crystals and their deviations wavelength edge are, as a rule, characteristic of crystals with
from the matrix proportions were monitored by electron-narrow-gap inclusions, and the peaks in the fundamental ab-
probe x-ray microanalysi€Camebay as well as from the sorption region at\=3—-5um and the sharp increase in

1063-7826/99/33(3)/4/$15.00 282 © 1999 American Institute of Physics
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FIG. 1. The effective nonequilibrium charge carrier lifetimg as a func-

tion of temperature for GgHg, _,Te crystals:(1A) uniform sample with FIG. 2. Spectral characteristics of the photoconductivity of samplseé
no=1x10% cm 3 (1-5) samples with narrow band inclusions with Fig. 1. Temperaturdl (K): 85 (1), 100(2), 115(3), 130(4), 185(5), 300
no= (10" cm~3) 0.8(1), 1.0(2), 1.2(3), 2.0(4), 1.4(5). The dashed curve (6). The inset shows the temperature variations in the photocondudtlyity
is 7,(T) calculated using Eq(2) for interband collisional recombination ~ for light with A=8 (1), 5.3(2), 1.5 um (3).

with ny=1X 10" cm™3. The numbers on the curves correspond to the

sample numbers.

for surface excitation\=1.5um) (the inset in Fig. 3, curve
3) and the volume curve®urvesl and2) may be indicative

photoconductivity foil <2um are caused by the presence in of somewhat different parameters for interband Auger re-
this crystal of Te inclusions and of regions in the cOmbination in the skin layer of the samgI&’

Cd,Hg, _,Te which are enriched in CdTe, as confirmed by The influence of inclusions on the photosensitivity of the
x-ray spectral analysis data. crystal is determined by their concentratibin and sizer .,

The inset in Fig. 2 shows the temperature variation in theéds Well as by the types of nonequilibrium charge carrier gen-
steady-state photoconductivity signal ) for this crystal for ~ €ration G, ;) and recombination; ;) (the subscripts and
fixed excitation wavelengths. Note the qualitative correlatiorv 'efer to the inclusions and hgshe more the ratio of the
between the 7.(T) (Fig. 1, curve 4) and U(T) concentrations of nonequilibrium charge carriers in the inclu-
«7(T) uy(T) curves. The retention of the characteristic fea-Sions and the matrixG;; /G, 7, , differs from unity, the
tures of U,(T) and, accordingly,/(T) [considering the al- more the inclusions will affect the photosensitivity.
most linear dependentef uy(T) for theseT] during illu- For calculating the effect of photoactive regions tg
mination at different wavelengths and, therefore, forin a crystal we shall use the combined rates of recombination
different thicknesseb~1/k+Lp, (wherek is the absorption in the host and inclusions,
coefficien}) of the photoactive layer, is significant. For -1
A~1.5um the depth at which nonequilibrium charge carri-  7er=| > ViNid(ri =7, H—7, 1] (1)
ers are generated i& *~1um, for A=5.3um, k! .
~10um, and forn=8 um, k" 1~30—100um.!! Since the whereV; is the volume of an inclusioffor spherical inclu-
diffusion displacement lengthp= (D 7)Y? (whereD is the  sionsV=(4/3)7(r .+ Len) ], the subscripk characterizes
diffusion coefficient for the nonequilibrium charge carrjers a set of inclusions with the same parametegg, iy,
is less than 1Qum for these crystal$note that for surface andN;y; Le~Lp for re>Lp andLgg=+r.Lp for re<Lp
excitation \=1.5um), the effective diffusion length_ (Ref. 3.
<Lp (Ref. 10], we may conclude that the generation- We analyze ther«(T) curves further in the approxima-
recombination processes in the different layers of the crystaion of spherical island narrow-band inclusions with
are the same in nature. The small difference betwegT) 7<7,. We note the following circumstance: from the stand-
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0’| and
Lo~[(kT/e) up7, ]2~ T Ego+ aT), (3b)

whereE is the value off; asT—0, andu is the bipolar
diffusion mobility.

For n-type material, the ratio of the electron and hole
mobilities, b=u,/up>1 (in CdHgTe with x~0.2 and
b~100) in the impurity and intrinsic conductivity regions
andup=(1+ ugz),up. Thus, the temperature dependence of
mp is weak for v,>1 (impurity conductivity and down
to v,=1 (intrinsic conductivity up varies in the range
(1-2)u, [according to different datau,=300—1000
cm?/ (V-9)].

Equation(3) implies thatr, increases with rising with
a power-law dependence<T' (I>3/2). As the temperature
is raised, ther,(T) for differentny approach the dependence
7i(T), since v,—1 [(EqQ. (2)]. Here the transition to the
0 1 L ' l L L L 7Ai(T) curve shifts to higher temperatures with increasing
2 “ 6 83 70_, z 7% 76 ny. The dependenckp(T) is weaker, but, sincereffocvi’l

0/T, K «(Lp) 3 [for ;<7,, see Eq(1)] in a crystal with recom-
FIG. 3. 7 calculated using Eq(l) for crystals with recombinationally binationally active mCIu_S!O_nS’_ for the temperature depen-
active inclusions. The computational parameters of the matrix and incudence of the photosensitivity in crystals with large concen-
sions arex,=0.21, ng=3x10" cm™3, x;=0.16, andr,=10"2 cm. N; trations or dimensions we have
(cm™3): 0 (1), 177 (2), 3X 17 (3), 10° (4), 3x 1C® (5), 10* (6), 3X 10* (7),
10° (8), 3x 1P (9), 10° (10). Te(T) e 7, (T) T > Ego+aT) 2= T 3 Eg+aT) 2.

(4)

) ) o ) Therefore, a strong temperature dependence of the effective
point of its effect on the photosensitivity of an inhomoge- gimensions of the inclusions is imposed on the temperature
neous crystal, the lifetime, plays a double role. When it yayiation 7,(T) and, despite an increase g in this region,
increases, on one hand, the photosensitivity of the matrix. - ang, therefore, the sensitivity of the crystal may decrease.
material rises and, on the othérp =D, and, therefore, Eyperimentally, this is confirmed by the curves(T) and
the effective geometric sizes of the inclusions increase, bUEJC(T) shown in Fig. 1 and in the inset in Fig. @ the
for recombinationally active inclusions this acts in the OPPO-temperature rang&=77—90 K). We emphasize that in
site direction, i.e., toward reducing the photosensitivityof 'Eq. (4) has been calculated fo< 7, and for large inclusion
the sample. When, decreases, conversely, the photosensijzeg ¢.>Lp). Forr.<Lp, as noted above, the quantum
tivity of the material drops, but recombinationally active in- offect for Lo must be taken into account, so that the tem-
clusions have a greater effect on it, which may, on the wholeperature variation is afr(T) =T 34 Ego+ aT) 35 For the
cause “photosensitizing” of the sample. In th&(T) and  ¢ases of other inclusions with other geometfiisaracteris-
Ter(T) curves in the impurity conduction region, this leads totjc of dislocations, low angle walls, ejcthese dependences
features associated with the specifi{T) dependences for are gifferent. The geometry of the recombinationally active
Fhe interband coI_I|S|onaI recomb|.nat|on wh_lch _predom|natesregionS can apparently be judged from the character of these
in Cd,Hg, Te withx=0.2. To this recombination we must gependences. With further increasesTirin the transition
first attribute the activation of, with increasingT in the region v,—1, 7, decreases and approacheg, Lp de-

. . . . . . .y 4 v ’

impurity conduction region associated with a positive tem-cragses and.; increasedsee Fig. 1(curves1—4) and the
perature coefficient for the variation inEy for x<0.5 and, et in Fig. 2 T=90-110K)]. It should be noted that the
therefore, vg/ith a drop in the rate of the Auger process for &ower-law dependences fotq(T) can be treated as expo-
constano.” The expression for, in ann-type material can  pential with different characteristic activation energis

be written in the form within this narrow temperature interval and interpreted as the
participation of a Shockley-Read channel in recombination

27p n
= AL vn=—0> 1, (2)  through local centers at depih . This evidently is the cause

V§+ 1 n; of the wide scatter in published estimates of the depth of the
where 7, is the lifetime in the intrinsic materiah; is the recombi_nat_ion I_evel_s dete_zrmined from the activation energy
intrinsic carrier concentration, ang, reflects the level of for the lifetime in this region. _ o
doping of the material. If the inclusions are associated with fluctuations in the

In the impurity conduction regionng~ cons, 7,(T)  dopPing, then their sizes and concentration decrease with ris-
O(nizTAi , and after substituting the functiong,(T) (Ref. 8 ing T, since the concentrat_|on of Fhe majority carriers flattens
andn;(T) (Ref. 12 for 7, andL, we obtain out over Fhe vqur_n_e. Regpns with eIevatag_Izose the re-

a2 5 _comblnatlonal activity relative to the host€n, ). A_cco_rd-
T, X T EG=T " (Egot aT)*, (3@ ingto Eq.(1), 7e— 7, NOt oNly because of a reduction lin,

Ty
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and the recombination barrieE, that are available in this culated using Eq(1) for CdHg,_,Te crystals x=0.21)
case!® but also because of a reduction in the concentrationith no=3x10" cm 2 and different concentrations of in-
N; of the inclusions themselves, primarily through inclusionsclusions,N; (r=10"2 cm andx; = 0.16), including the tem-
with small deviations in doping level from the host. Here perature variations of, , 7;, Leg, andup . As N; increases,
7.#(T) becomes even steeper. With further increased in the degree to which the inclusions affeck and the non-
and the transition into the intrinsic conductivity region, ~ monotonicN-shaped character afx(T) become greater. We
approachesr,; and decreases sharply, i.@eg— 7,— T note the satisfactory agreement between the calculations and
[see Fig. 1 and the inset in Fig. Z¥130K)]. It should be the experimental data, which may support the validity of our
noted that for certain concentratiorfabove critical and  model for the temperature dependence of the photoconduc-
sizes of the inclusions, which are attributablle to fluctuationdivity of crystals with photoactive inclusions.
in composition, ther,»;(T) and 7.4(T) curves may not co-
inCide- in .thiS region antrey will l?e det-ermined by the re- LA, 1. Vlasenko, Yu. N. Gavrilyuk, V. Z. Latuta, A. V. Lyubchenko, and
combination parameters of the inclusions, rather than those," 5 Salkov, Pisma zh. Tekh. Fizs, '1013(1’975 [éov. Tech. Pﬁys.
of the host. Lett. 5, 423(1979].

These remarks make clear the relative smoothing out, agA. I. Viasenko, A. V. Lyubchenko, and E. A. Sal’kov, Ukr. Fiz. Z25,

a rule, of the nonmonotonic spectral characteristics of the3131;(1g?%6r,ev L A Keracheviseva. K. R. Kurbanov. and A. V

photoconductivity in the strong absorption region during Lyubchenko, Fiz. Tekh. Poluprovodas, 464 (1997 [Sov. Phys. Semi-
heating(Fig. 2). In fact, if variable gaps are absent, we have cond.25, 280(1991].
) ) ’ 4A. 1. Vlasenko, A. V. Lyubchenko, and V. G. Chalaya, Fiz. Tekh. Polu-
vhitl Uni— Uny No; provodn.30, 377 (1996 [Sov. Phys. Semicon®0, 209 (1996 ].
= = > . UniT (5 5Yu. A. Kontsevoy Fiz. Tekh. Poluprovodrd, 1184 (1970 [Sov. Phys.
Semicond4, 662 (1970].

s . . . S V. A. Artem’ev, V. V. Mikhnovich, and S. G. Titarenko, Fiz. Tekh. Po-
With increasingT and the transition into the intrinsic con- | ;r0v0dn.22, 150 (1988 [Sov. Phys. Semicon@2, 93 (1988].

ductivity region @,;,vn,— 1), the quantitiesr, and r; ap- ”N. N. Grigor'ev, A. V. Lyubchenko, and E. A. Sal’kov, Ukr. Fiz. ZB4,
proach one another, which causes a relative sensitizing a;[1088(|1989.k ik ehenko. and Salk
: ; : ; A. I. Vlasenko, Yu. N. Gavrilyuk, A. V. Lyubchenko, and E. A. Sal’kov,

short Wavelength§ d.urmg heating. Sm.a” flqctuatlpns in the Fiz. Tekh. Poluprovodnl3, 2180(1979 [Sov. Phys. Semicond.3, 1274
spectral characteristics are preserved if the inclusions are astig79.
sociated with fluctuations in the composition, exg=2x, °A. I. Vlasenko, K. R. Kurbanov, A. V. Lyubchenko, and E. A. Salkov,
and their lifetime differs from the host value in the intrinsic Uk F'IZ- Zhi(27' 1392(19?>2)h ‘o and I
conductivity region, as well. Note that the spectral shift of 4Aéz'1'(\1/9a830e” 0, A. V. Lyubchenko, and E. A. Salkov, Ukr. Fiz. ZB5,
Fhe pgaks in t.he fundamental absorptipn region varies With 11y p._ Blue, Phys. Rev134 226(1964.
in a slightly different way than the main peak because of théiJ. L. Shmit, J. Appl. Phys42, 803 (1971).

. . . 1 4 H f
different temperature coefficients for the host and because ~M- S. Shemkman and A. Ya. Shik, Fiz. Tekh. Poluprovodh0, 209
of the various inclusions (1976 [Sov. Phys. Semicond.0, 128(1976].

Figure 3 shows the temperature dependenggd) cal-  Translated by D. H. McNeill
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Raman scattering spectroscopy of Zn ;_,Cd,Se films grown on GaAs substrates
by molecular-beam epitaxy

L. K. Vodop’yanov, N. N. Mel'nik, and Yu. G. Sadof'ev

P. N. Lebedev Physics Institute, Russian Academy of Sciences, 117924 Moscow, Russia
(Submitted July 15, 1998; accepted for publication July 18, 1998
Fiz. Tekh. Poluprovodr33, 282—284(March 1999

Data from the first measurements of the Raman scattering spectra ofhSe (x=0—0.55)
films grown on GaAs substrates by molecular-beam epitaxy are presented. An analysis of
the experimental spectra shows that in thg Zi©d,Se system studied here there is a single-
mode realignment of the vibrational spectrum with composition. 1999 American

Institute of Physicg.S1063-782609)00503-7

The recently renewed interest in semiconductor solid sointensity of the molecular beams and an electron Auger spec-
lutions (alloys) is attributable to their widespread use in cre-trometer. The base pressure in the apparatus wa& R@.
ating quantum-well structures and microelectronic devicesAn installed fast electron diffractometer was used to monitor
Special attention has been focused on the study of alloys ithe cleanliness of the substrate before epitaxy and the nucle-
the form of thin epitaxial layers which form the basis of ation and growth of the epitaxial film.
quantum wells and superlattices. Here the problem arises of Epitaxy was carried out on chromium compensated sub-
whether it is correct to transfer the properties of a bulk ma-sstrates of(111)-oriented gallium arsenide with a 3° disorien-
terial, especially an alloy, to thin layers. Usually it is as-tation to the{110 direction by evaporating special high-
sumed, without any special justification, that these propertiepurity (6N) Zn, Cd, and Se from individual molecular
are identical. It has been shown, howebdhat the rear- sources. The substrate surface was cleaned of the natural
rangement of the phonon spectrum in CdZnTe films as thexides by heating in vacuum at 580° in the absence of sele-
concentrations of the components are varied is different fronmium or zinc vapor.
the realignment in such bulk crystals. The samples were grown at a substrate temperature of

Modern applications associated with the creation of in-280—320 °C with a ratio of the equivalent pressures of the
tegrated optoelectronic devices require the growth of films ofmolecular selenium beam to the total pressure of the zinc and
[I-VI compounds on a suitable material, such as GaAs, focradmium molecular beams close to 2. This ensures the ap-
this type of integration. In this case, however, a mismatch opearance on the surface of a superstructure consisting of a
the lattice parameters gives rise to elastic stresses whiamixture of (1X2) andc(2X2) reconstructions and growth
change the physical properties of the film. under close to stoichiometric conditions. Here the epitaxy

There is some interest in studying the dynamics of theemperature was lowered in the range indicated above as the
crystal lattice of Zp_,Cd,Se films. Structures with quantum cadmium content of the grown films increased. The thickness
wells’ and quantum doté have been created and studied of the grown films was 1-2:im. The rate of growth of the
using thin films of this alloy. Efficient emitters of blue light films was held at lum/h. The composition of the grown
based on structures of this type can be created. However, thepitaxial films was monitored using the ratio of the intensi-
properties of this alloyin contrast with other alloys of 1I-VI ties of theLMM-Ilines of the Auger transitions of Zn and Se,
compounds that have been studied extrensjvbBve not as well as using cathodoluminescence spectra.
been studied adequately. There is a paper by Brafmarthe Optical Raman scattering spectra were taken on a
Raman scattering spectra of bulk ZnCdSe crystals in which iU-1000 spectrometer in a backscatter geometry with excita-
was proposed that this system exhibits single-mode behaviotion by several lines of Kr and AF lasers. The resolution

As far as we know, there are no published papers on thevas 1 cm 2.
optical Raman scattering spectrum of epitaxial ZnCdSe Some typical Raman scattering spectra for epitaxial
films. In this paper we present the first data on measuremen#n, _,Cd,Se films grown on GaAs substrates, taken in a
of Raman scattering on phonons for epitaxial films ofbackscatter geometry with excitation by the 4880-A line at
Zn;_,Cd,Se (0=<x=<0.55) which we have grown by room temperature, are shown in Fig. 1. BotO, i.e., for
molecular-beam epitaxy on GaAs substrates. The analyzguure ZnSe, the spectrum contains three scattering lines. The
shape of the Raman scattering lines confirms the high degrdegh-frequency line at 293 cnt is associated with an LO-
of crystallinity of these films. Brafman’s hypothesthat this  mode of GaAs. It appears because the zinc selenide film is
is a single-mode system is confirmed. partially transparent to the probe light. This line can still be

Heteroepitaxial layers of ZnCdSe on GaAs were ob-seen for a composition witk=0.09, but at higher Cd con-
tained by molecular-beam epitaxy on a Katun’ systemcentrations x=0.39), when the gap is narrower, and the
supplemented by an ion pressure gauge for monitoring th&im is therefore less transparent, it vanishes. The highest

1063-7826/99/33(3)/3/$15.00 286 © 1999 American Institute of Physics
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FIG. 1. First-order Raman scattering spectra fof Z&&dSe films excited ) ] )
by the 4880-A linex: 0 (1), 0.09(2), 0.14(3), 0.38(4), and 0.55(5). FIG. 2. Raman scattering spectra of ;ZpCd,Se films excited by the
6471-A line.x: 0.11(1), 0.22(2), 0.32(3), and 0.554). The intense lines

near 233 crm? belong to the gas-discharge plasma of the Kr laser.

intensity in the spectrum fax=0 is the line at 253.5 cm* )

due to scattering on LO-vibrations of ZnSe. The weak band e have also analyzed the shape of the optical Raman
at 206 cm'! is apparently associated with the TO-mode ofPhonon scattering lines using a computer program. This

ZnSe. The observed frequencies of the LO- and TO-mode@nalysis showed that the LO-phonon Raman scatt(_anng bands
are the same as those obtained for bulk crystals of zns&1ave a mostly Lorentz shape, and that the half-width of the

This indicates that there are no noticeable elastic stressed@Nds is less than 10-12 cih This last point indicates that

which would change the phonon frequencies. It should bd€ films which we grew had a high degree of crystallinity.
noted that the observation of the TO-mode in the back- The single-mode behavior which we have observed in

scattering spectrum from th@00) surface of the ZnSe film the epitaxial layers of ZnCdSe is extremely unusual for semi-

contradicts the selection rules which predict the appearandegPnducting alloys of 11-VI compounds. From the standpoint
of only LO-modes. Clearly, the TO-mode is activated be-Of the existing criteria, the character of the realignment in

cause of a violation of the selection rules due to the distorthiS System is ambiguous. Thus, the classical critérfue-

tion of the crystal structure at the film-substrate interface diCts single-mode behavior for this system. A mor(7a_modern
terion based on the discussion by Chang and Miamd

This can also explain the disappearance of the TO-band bé&!! . e ;
cause of the use of narrower-band compositions when thigformulated for phonons in substitution solid solutfopee-

film is opaque for the probe laser line and the interface is nlictS & two-mode realignment for the ZnCdSe system. Ac-
longer a factor. cording to this criterion, two-mode realignment occurs in

As Fig. 1 shows, when the Cd content of the alloy is (AB)C alloys when the vibrational perturbation energy pro-

increased, the intensity of the Raman scattering bands d&Uced as a result of replacing an A atoy & B atom is
creases, probably because of a reduction in the eﬁectivgreater_than the V|bra_1t|onal energy of the |nteract|ons of_ the
thickness of the excited layer. Thus, in order to increase th&l0ms in the AC lattice. In other words, the following in-
intensity of the scattered lines we took spectra of films en-
riched in Cd using the red 6471-A line of a krypton laser
(Fig. 2). The LO-bands clearly show up more distinctly. In
addition, narrow lines of a gaseous plasma can be seen in th
spectra; this circumstance facilitates a more accurate deter 550 [
mination of the frequency shifts of the phonons as functions-,
of the alloy composition.

An analysis of these spectra for films of alloys with & 545 [
0=<x=0.55(Figs. 1 and 2 shows that the frequency of the 3
LO-mode shifts smoothly to lower energiesxais increased,
going to 237 cm* for x=0.55. We did not observe splitting 240 [
of the LO-band into two peaks localized near ZnSe- and i
CdSe-like vibrations for any of the compositions. This indi-
cates that the crystal lattice dynamics of,ZpCd,Se films is sl o . .
characterized by a single-mode realignment of the phonon 0 0.2 04 0.6
spectrum. This conclusion becomes even more evident if we x

consider the plot of .the _frequency of the LO-phonons as &G, 3. The frequencys, o of LO-phonons plotted as a function of the Cd
function ofx, shown in Fig. 3. contentx in Zn;_,Cd,Se films.

255 |
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equality must be satisfiedkm)®>K, whereAm is the mass This work was supported by the Russian Fund for Fun-
defect,() is the frequency of the local mode, aiKd— the  damental ResearctRFFIl) (Project No. 97-02-16791and
strength constant — can be determined from the formuldhe Russian MNTP for the Physics of Solid State Nanostruc-
K=(2w25+2w’;)M/3, whereM is the reduced mass. We tures(Projects 97-1047 and 97-2019

can then express the criterion for a two-mode realignment as

follows:

Am 30

p=—_- >
2 2

=1. .
1 (1) ID. Olegro, P. Raccah, and J. Faurie, Phys. Re33B3819(1986.

2p. Gingo, M. De Vittorio, R. Rinald, and R. Cingolani, Phys. Re\68
Substituting into Eq(1) the masses of the Zn, Cd, and _16934(1996.

3
; _ _ M. Strassberg, V. Kutzer, U. Pohl, A. Hoffman, I. Broser, N. N. Ledent-
Se atoms and the frequenues of the TO- and LO phonons forzov, D. Bimberg, A. Rosenauer, U. Fischer, D. Gerthsen, I. L. Krestikov,

— -1 — ~1 H
CdSe,w1o=169 cm ~ and “_)Lo—_211 cm -, and assuming M. V. Maximov, P. S. Kop'ev, and Zh. I. Alferov, Appl. Phys. Leff2,
the frequency of the local vibrations to be equal to the maxi- 942 (1999.
mum frequency of the allowed phonon spectruh= w o “B. Zhang, W. Wang, T. l(Jasuga, Y. Segava, K. Edamatsu, and T. ltoh,
: : Appl. Phys. Lett.71, 3370(1997).
(the local mode (_)f Z_n in CdSe was not obset)/qmb obtain s Brafman, Solid State CommubL, 447 (1972,
P=1.368>1, which indicates a two-mode realignment and 6| chang and S. Mitra, Adv. Phy&0, 359 (1971).
contradicts our observations. This may be explained by the'Y. Onodera and Y. Toyozawa, J. Phys. Soc. J#%.341(1968.
X ) A , .
fact that the changes in the strength constants resulting fromJ;c DOI‘."(’j' \% ’?%k: rd, H. ilaqksﬁé}td’dagd 2' fqem:mfgggcal F:;Tgpertles
substitution in the alloy have been disregarded in deriving ° S°lds V- 7: Phonon physicsedited by G. Hortoy 1999 p. 349.

the criterion. Therefore, this criterion is an approximation. Translated by D. H. McNeill
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Optical and photoelectric properties of Zn  ;_,Fe, Te crystals
Yu. P. Gnatenko* and I. A. Farina
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Lviv State University, 290005 Lviv, Ukraine
(Submitted July 21, 1998; accepted for publication July 18, 1998
Fiz. Tekh. Poluprovodr33, 285—-288(March 1999

The optical and photoelectric properties of the new van Fleck semimagnetic semiconductors
Zn,_,FeTe (x<0.046) are studied for the first time. The structure of the long-wavelength
absorption edge and of the photovoltaic current spectrum is found to be caused by
photoionization transitions involving various charge states of Fé (IFe?*, and Fé"). The
concentration dependence of the free exciton energy is determined, as well as the

locations of the ground states of the’fFg(E, +0.44 eV) and Fé (E.—0.28 eV) ions. It is

noted that the maximum solubility of Fe atoms in ZnTe is determined by FeTe cluster formation.
© 1999 American Institute of PhysidsS1063-782809)00603-1

Substitution solid solutions, one component of which issoldering indium on the natural cleavage surfaces of the
the magnetic Fe" ion, are van Fleck semimagnetic semicon- crystals and tested for resistance by measuring their current-
ductors. In the case of the semiconducting 11-VI compoundsyoltage characteristics. Prior to the photovoltaic current mea-
Fe atoms displace cation sites. It should be noted that, consurements the samples were heated to a temperature of 350 K
pared to semimagnetic semiconductors, in whici#Mions ~ and slowly(over 2 1 cooled in darkness while shorted out.
are the magnetic component, the solubility of Fe atoms isfhe photovoltaic current spectra were normalized to the
substantially lower in the above group of semiconductorsSame amount of incident photons.

Thus, in the case of the selenides, it is about 15% and for the Information on the bandenergy structure of the semi-
tellurides, no more than 5%Thus far, Cd_,FeSe crystals conductors and its variation as a result of the formation of

have been studied most extensively. As for the telluridesSUPstitution solid solutions can be obtained from low-
only a few papers on various physical properties of thdemperature measurements of the exciton reflection and ab-

semimagnetic semiconductor CdFeTe have been sorption spectra in the neighborhood of the intrinsic absorp-

published?™ Of these Ref. 3 is the most complete from thetion, edge, Sinc? these spectra. are extrgmely ser?s_itive to
standpoint of studies of the physical properties. As far as warious defects in the crystal latti¢disordering, impurities,

) intrinsic defects
know, only one paper has peen pub_hshed on ZheTe The data on the exciton reflection spectra indicate the
crystals and it dealt with their magnetic properfies.

: ) . xistence of shift to shorter wavelengths in the energies of
Our goal in this study was to use data on the optical an L o . )
hotoelectric properties of the semimaanetic semiconductorhe characteristic bands which is associated with the forma-
b - prop . 9 . flon of Zn, _,FegTe substitution solid solutions and has been
Zn,_,FeTe in order to obtain information on the introduc-

. . . observed previously for crystalline ¢d,FeTe.? Figure 1
tion of Fe atoms into the ZnTe crystal lattice, on the forma-shoWS a plot of the energy of the exciton reflection band

tion of substitution solid solutions, on how Fe atoms affect(Eexc) of Zn, ,FeTe as a function of the Fe concentration

the energ}r/ structure_ of ZnTe,_ and, primarily, on the positions(x)_ The experimental points are well fit by the straight line
of the Fé™ and Fé ions relative to the energy bands of the

crystal. EexdX)=E(0) +1.0x (eV), 1)

The Zn _,FeTe (x<0.046) crystals studied here were yhereE(0) gives the location of the exciton reflection band
grown by the Bridgman method. The concentration of Fepf znTe that was not specially doped. The observed scatter
atoms was determined more accurately using an MS-4¢, the points is caused by a nonuniform distribution of Fe
X-ray microanalyzer. atoms over the crystal ingot, especially at high concentra-

The optical spectra were studied using a KSVU-6 spections (about 4%, which is apparently close to the maximum
tral system. The measurements at low temperatures weidlubility of Fe in crystalline ZnTe. This is also indicated by
conducted using an UTREKS system, which makes it posa substantial broadening of the exciton reflection bands: for
sible to stabilize the temperature within0.01 K. x=0.008 the half-width of the exciton band is twice that for

The photovoltaic current measurements were made witppure ZnTe, while forx=0.046 the width has increased by
a V7-30 voltmeter-electrometer. Samples in the form ofmore than a factor of 4. This broadening is related to the
plane-parallel slabs with thicknesses of 3—5 mm were usedonuniform distribution of the Fe atoms and to the formation
for these measurements. Annular contacts were deposited loy clusters involving Fe. Thus, for crystals with=0.046,

1063-7826/99/33(3)/4/$15.00 289 © 1999 American Institute of Physics
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FIG. 1. Energy location of the exciton reflection bakg,., as a function of ~ FIG. 3. Photovoltaic current I spectra of Zp_,FgTe crystals at
the Fe concentration in Zn,FeTe crystals alf=4.2 K. The straight line ~ T=77 K. Curvesl and2 correspond tox=0.0027 and 0.008.
corresponds to Eq1).

volving vibrations with different energig$requencies of 35
x-ray microprobe analysiéarea 2<3um?) revealed cluster and 125 cm?). Vibrations at these frequencies have been
formations involving Fe and Te atoms with dimensions ofobserved before in studies of intracenter absorption b/ Co
150X 50um. In these inclusions the Fe atom content wasions’ and Mrf* ion€ in crystalline ZnTe. The shape of these
about 30 wt. %, which may indicate that FeTe clusters havéands is indicative of the presence of a strong electronic-
developed. Evidently, the formation of clusters of this typevibrational interaction for these intracenter transitions, and
limits the maximum solubility of Fe atoms in the group also indicates that the excitéd;(®H) state lies in the band
[I-VI tellurides. gap of the crystal, in contrast with the semimagnetic semi-

Figure 2 shows absorption spectra of,ZgFeTe crys-  conductor Cg_,FeTe.?
tals with different concentrations of Fe measured at The long-wavelength shift of the absorption edge in the
T=4.2 K. Besides the absorption edge, which in the rangeneasured range of absorption coefficigiftg. 2), as well as
of measured absorption coefficients<(250 cm 1) shifts to  the fact that structure has the form of steps whose intensity
longer wavelengths as the Fe atom concentration is raised, amcreases as the Fe atom concentration is raised, indicate that
impurity absorption band can be seen with an energy peak ahis absorption involves Fe ions. The shape of the absorption
E=1.31 eV. The intensity of this band increases as the Fspectra suggests that it may originate from photoionization.
concentration is raised. An analogous band has been olm order to establish the nature of the observed absorption,
served previously for Gd,FeTe crystal$ This band we have measured photovoltaic current spectra, some ex-
correspond$ to intracenter transitions between the groundamples of which are shown in Fig. 3 for ZnFeTe with
SE(°D) state and thé'T,(®H) excited state of P& ions. different concentrations of Fe. At the lower concentration
The structure observed at the long wavelength edge of théx=0.0027, curvel) the photovoltaic current spectrum con-
band is caused by an electronic-vibrational interaction intains two intense bands of positive polarity located at

E;=1.94 eV andE,=1.70 eV. It should be noted that the

polarity of the photovoltaic current was determined by the

250 sign of the charge in the fror{lluminated surface of the

- 6 5 4 3 2 test sample and was opposite to the sign of the excited car-
200 F ] riers. Thus, it should be assumed that the shorter wavelength
i photovoltaic current band corresponds to a photoionization
— 150k transition from the groundE(°D)-state of the F&" ion into
= | the conduction band. This hypothesis is in fairly good agree-
; 100 F ment with the location of the levels of these ions in 11-VI
| group semiconductors in terms of a diagram showing the
sob location of the energy bands of different crystals with respect
to the vacuum level.In fact, in such a diagram the locations
[ of the valence bands for CdTe and ZnTe crystals are the
or L same. Thus, the difference in the location of the ground state

12 14 1.6 1.8 20 22 24 of the F&™ ion relative to the conduction band should cor-
respond roughly to the difference in the gap widths of crys-
talline CdTe and ZnTe. Since the donor photoionization en-

5 )
FIG. 2. Optical absorption spectra of ZnFeTe crystals aT=4.2 K.  €rgy of Fé_ ions is 1.08 eV for C¢ ,FeTe CrySta|5_: t_he
Curves1-6 correspond toc=0, 0.001, 0.0027, 0.008, 0.030, and 0.046.  value obtained here for 4n,FeTe (E;=1.94 eV) is in

E, eV
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fairly good agreement with that expected according to thidarized band at 2.32 eV, as well as a negatively polarized
scheme. Thus, the positive polarity band with its energyband at 2.36 eV. The first band is caused by photoionization
E;=1.94 eV can be attributed to the following photoioniza- of singly charged zinc vacancies, i.e., by a transition from an
tion transition: acceptor levelE.+0.05 eV into the conduction band, and

F&*[SE(°D) ]+ iw—Fe +e, @) the seconq, by dissociation of excitons. The segment of the

photovoltaic current spectrum observed on the short wave-

wherez.w=1.94 eV. Thus, the ground state of’Felies in  length side of the exciton band is associated with band-band
the gap of crystalline ZnTe &, +0.44 eV. The photovol- transitions.
taic current band with energ,=1.70 eV may correspond The measured photovoltaic current spectra for crystalline
to a photoionization transition from the excited Zn,_,FgTe with higher Fe concentratior{&ig. 3, curve2)
5T,(°D)-state, consistent with the energy location of thishave a similar structure; i.e., positively and negatively polar-
level with respect to the grourtE(°D)-state. Therefore, for ized bands are observed at the energies marked by the arrows
CdTe:Fe crystals, it is-0.25 eV (Ref. 10; i.e., the follow- in Fig. 2. The difference in the spectra for ZnFe,Te with
ing photoionization transition takes place: different Fe concentrations is that, in the region 1.2-2.2 eV,

. n-type conductivity is observed when the concentration is

F& [°To(*D) ] +ho—Fe +e, 3 Jower, while for higher Fe atom concentratiogstype con-
wherefiw=1.70 eV. It should be noted that the population ductivity occurs in the entire spectral range that was studied,
of the excited®T,(°D)-state is the result of acceptor photo- along with a slight shift in the exciton line to shorter wave-
ionization of Fé™ ions with their transfer into this excited lengths. The observed hole conductivity of ;ZpFegTe
state; this is confirmed by the observation of a negatively(x=0.008) crystals over a wide spectral range is primarily
polarized band with energ;=0.7 eV in the photovoltaic caused by strongcompared to the-type impurity conduc-
current spectrum. tivity) hole conductivity in the band-band transition region.

In the short-wavelength wing of the band at This is because, for a high concentration of Fe atoms
E,=1.94 eV there is a feature near 2.10 eV in the form of an(x=0.008) the substitution of Zn vacancies by impurity at-
inflection which, as measured photovoltaic current spectr@ms greatly reduces the number of the singly charged Zn
for crystalline Zn_,Feg Te (x=0.008) show, are obviously vacancies which determine the electron conductivity of ZnTe
associated with the appearance of a negatively polarizedrystals in the band-band transition region. Furthermore, im-
band (in Fig. 3 the location of this band is indicated by an purity F&" centers begin to trap free electrons efficiently
arrow). This band may develop because of photoionizatiorend this favors an increase in the amount of fens. We
transitions of the type have observed an a?zalogous phenomenon before in ZnTe

crystals doped with Cr-

F&"+ho—Fe +h, ) An analysis of photovoltaic current spectra therefore
wherefiw=2.10 eV. Fé* and Fé€ charge states have been shows that the observed long-wavelength shift in the absorp-
observed previously in electron spin resonafiE8R spectra  tion edge of Zn_,FgTe crystals in the region of relatively
of ZnTe crystals! In the case of Fé the photosensitive ESR low absorption coefficientsk< 250 cn' ') and its step-like
signal was found to increase at an energy of 2.25 eV. Thusstructure are related to photoionization processes involving
the energy we have obtained for the acceptor photoionizatiomarious charge states of Fe (FeFe€*, and F&*). In the
of F&* ions is consistent with the data of Ref. 11 and indi-case of F&" ions, we have observed photoionization transi-
cates that the Fe level in ZnTe crystals lies at tions involving the ground state and excited states of the
E.—0.28 eV. An approximation of the position of this level impurity ions. Energy locations of Feand Fé* ions in the
in other 11-VI group crystals using a diagram of their energyband gap of Zp_,FeTe crystals have been determined.
levels relative to the vacuum levehdicates that for all the
other crystals in this group the Fdevel is at resonance with
the conduction band. It must be assumed that this is why NO- 1ail: anatenko@ion ki . Fox: 3804) 265-30-33
Fe" ion level has yet been observed in the band gap of the mail: gnatenko@iop-kiev.ua; Fax: 3884
other 11-VI crystals.

In the long-wavelength wing of the 1.70-eV band, there
are also two features in the form of inflections, one of which, *A. Mycielski, Acta Phys. Pol. A73, 839(1988.
at 1.57 eV, may be caused by acceptor photoionization of Yu. P- Gnatenko, I. A. Farina, R. V. Gamermnik, A. S. Krochuk, and P. |.
Fe&3* ions with their transfer into the B& charge state in the Babyi, Fiz. Tekh. Poluprovodr27, 1639(1993 [Semiconductor27, 906

. (1993].
3 3 ;
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State Commun71, 923(1989.
+ +r31 (3
F63 +ﬁw—>Fe2 [ Tl( H)]+h, (5) 4A. Saren, B.A. Orlowski, and S. Kuzminski, Acta Phys. Pol78, 183
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wherefiw=1.57 eV. The other feature, at about 1.3 eV, is s\, ¢ Abramishvili, A. V. Komarov, S. M. Ryabchenko, and V. .

related to the deformation of the photovoltaic current spec- Pogorelyi, Fiz. Tekh. Poluprovod@3, 575(1989 [Sov. Phys. Semicond.

trum by a rather intense intracenter absorption band of the 23 360(1989].
Fe2+ ions. 5B. M. Vul, V. S. Ivanov, V. A. Rukavishnikoet al, Fiz. Tekh. Polupro-
. . vodn.6, 1264(1972 [Sov. Phys. Semicond, 751(1972].
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Calculating the band structure of InNSb  ; _,Bi solid solutions
V. G. Delbuk,* Ya. I. Viklyuk, and I. M. Rarenko

Yu. Fedkovich Chernovtsy State University, 274012 Chernovtsy, Ukraine
(Submitted April 10, 1998; accepted for publication September 15,)1998
Fiz. Tekh. Poluprovodn33, 289—292(March 1999

The empirical pseudopotential method including the spin-orbit interaction is used to calculate the
band structure of the substitution solid solution IpSiBi, . This makes it possible to study

the dependence of the band gap on the temperature and composition of the alloy in the virtual-
crystal approximation. The calculations are in good agreement with the available

experimental data. €999 American Institute of Physid$S1063-782809)00703-§

The narrow-gap substitution solid solutions based onx<3%) have been studied in a number of papers and it has
[lI-V compounds are promising materials for solid-statebeen shown that in this range of variation in the composition,
electronics. Interest in these materials has recently increas@dsubstitution solid solution with a sphalerite structure and a
markedly in connection with multicomponent alloys, which straight band gap is formed. The first computational esti-
are potentially very important materials for creating infraredmates of the band structure of InSkBi, used three meth-
(IR) detectors, low-noise filters for communications systems@ds: Herman'’s relativistic corrections method, the empirical
and continuously tuneable lasérsToday, the most acces- Pseudopotentia(EPP method, and the van Vechten semi-
sible semiconductor materials for fabricating far-IR devicesconductor modef. They could not quantitatively explain the
(wavelengths\ >8um) are CdHgTe alloys. The properties concentration and temperature dependences of the band gap
of these crystals, however, depend to a substantial degree ¥dth and, therefore, of the optical properties. Although the
the manufacturing process, which is not so highly devempe@zlectrical and optical properties of this solid solution are of
as that for the IV compounds. Many unpredictable factorggreat practical interest, detailed calculati_ons of the el_ectronic
have a major effect on the band gap, and degradation pr(p_and structure have not been done until now. In this paper

cesses cause instability in the physical and ecological’® calculate the electronic energy spectrum of InSBi,
characteristics. by the empirical pseudopotential method including the spin-

The conventional Ill-V alloys do not offer the possibil- orbit interaction in the approximation of a virtual crystal and
ity of extending the wavelength range beyond a limit Ofinvestigate the concentration and temperature dependences

A=7.5um (InAsSh. Thus, there are now two alternative of the band gap width theorgtlcally. o
ways of solving this problem. The first is to produce new To calculate the electronic band structure it is necessary

multicomponent materials base on IlI-V. The second basi'—[0 solve the Sghmhnge_r eq_uatlpn, for V.Vh'Ch. the one-electron
seudopotential Hamiltonian in atomic units has the form

cally involves changing the band gap through the stresse

which develop in the corresponding superlattices and hetero- H= —V2+Vp(r), (1)
structure$. Both the first and second approaches have their
strong and weak points. where
Experimental studies of the InSb—InBi system began
about 30 years ago with the classical papers of Jean- Vp(r):V(r)+Z (E—Eg)|by)(by| )

Louis®>~’ Production difficulties in growing these substitu-
tion solid solutions have thus far delayed their wide intro-

duction into practice. However, recent advances in thi ; : :
are&”® have opened up new possibilities for obtaining and b-t> 1S the_wav_e function of the ground _state with ene&;y
Disregarding its nonlocal part, we write the Fourier trans-

using them. Because of this circumstance, there is increasing, ., of the pseudopotential (r) as
interest in their fundamental properties, such as the elec- P
tronic band structure and the dependence of the band gap on )
the alloy composition and temperature, and, therefore, in the Vp(r)=§ Vi(G)exdi(G- )], 3
optical and photoelectric characteristics of these materials.

The fact that InBi crystallizes into a tetragon®10) where
structure and is a semimetal, which is not typical of most
lI-V compounds (they are cubic semiconductgrshas VL (G)=2 S,(G)v,(G), (4)
stimulated research on the interrelation between its anoma- a
lous crystalline structure and its physical properfgéi.he 1
ratio of the lattice constants in InBi is/a=0.95457 The _ : @
physical properties of the solid solution InSkBi, Sul ) N, ; ex —1(G-RP, ©®

is the crystal potential/,(r) is the true crystal potential, and

1063-7826/99/33(3)/4/$15.00 293 © 1999 American Institute of Physics
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wher(_aG are the reci_procal lattice vect.orﬂu(G) are the V§§'(K,K’)=(K><K’)ossr

atomic pseudopotential form factorll,, is the number of

atoms of typex in a unit cell, ancR{" determines the position X{—irScogK—K")- 7+ \sifK—K')- 7}.
of the jth atom of typea. For the case of N8-N) com- 9)
pounds with a zincblende structure, on choosing the coordi-
nate origin as the midpoint of the line joining the nearest AHeresands’ are the spin states, theare the Pauli matrices,
and B atoms, these equations can be reduced to the form K=k+ G, and\* and\S are regarded as fit parameters for

_s . S A . the spin-orbit splitting of the upper valence band. According
V (G)=v3(G)cogG- 7)+iv™(G)sin(G- 7), ©® to the virtual-crystal approximatiofiVCA) and Vegard's
where law, the lattice constants and pseudopotential form factors
S(G)= G)+va(G)]/2, for the substitution solid solution In$b,Bi, can be con-
vAG)=[valG) +vs(C)] structed in the form of the linear combinations
vA(G)=[va(G)—vs(G)]/2, (7
. . Ass= AneiX + s 1 —X),
wherer=(a/8)-(1,1,1), anda is the lattice constant.
In the empirical pseudopotential method we only con-  V =V, gX+ Vg1 —X), (10

sider the first four terms, which can be justified by the cutoff
of the strong core potential. The band structure ofwhereags and Vg are the lattice constant and form factor of
InShy _,Bi, can be found by solving the secular equation the substitution solid solution.
) Numerical calculations have been done along the princi-

def{K*~En(K)}de' sy pal directions of symmetry of the Brillouin zone in a basis of
137 plane wavegthe secular determinant including the spin
states had a dimensionality of 2X274). Figure 1 shows
The spin-orbit term is the band structures of InSb and InBi calculated using the

+V(G—G') sy + VS (K,K")|=0. )

TABLE |. Pseudopotential parameters used in the calculations.

InSb InBi
Model
parameters Data from Ref. 11 Our data Data from Ref. 7 Our data
v5(3) —0.2547 —0.2285 -0.22 —-0.285
v5(8) 0.0188 0 —0.03 —0.0035
vS(11) 0.0452 0.0405 0.02 0.0145
A (3) 0.0302 0.06 0.08 0.049
A (4) 0.0012 0.05 0.05 0.035
vA (11) 0.0329 0.01 0.02 0.005
AS 0.00231 0.00230 e 0.001693

A 0.00028 0.00028 e 0.003443
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TABLE Il. Interband separation@n eV) at several symmetry points of the |
Brillouin zone. 0.50
- InSb InBi -
Brillouin
zone point| EPP!  Our calculations Expt? EPP Our calculations 0.28 I-
Ig,— T | 0.26 0.247 0.2357 1.9 1.97 < -
r,,—Te | 1.05 1.23 1216 0 0 N
Tg,—T; | 3.65 3.6 - 256 3.1 o 0261
ey~ Ts | 3.68 421 . 310 3.83 S i
Lys—Lec | 2.03 1.89 1.9 1.25 1.18 N
Le,—Lec | 2.60 2.48 175 2.11 s
Lss—Lec | 5.3 5.71 412 4.87 ’
X7~ Xee | 3.95 3.73 075 0.77 B
Ago 0.82 0.99 0.98 1.9 1.97
0.22F
1 | 1 1 1 i L 1 1
) 5 0 17 20
theoretical parameters listed in Table | and compared with z,%

the parameters of other papéfg_ In the limiting cases of FIG. 3. The band gap temperature coefficignt —AE;/AT as a function
x=0 (InSh andx=1 (InBi) the calculated energy separa- o the Bj content. The points are experimental data.

tions between the electronic levels in the high symmetry

points are in satisfactory agreement with published experi-

mental data and pseudopotential calculations by others |G|2

(Table Il). As opposed to InSh, in InBi theband of In falls M;(G,T)= T<U12(T)>’ (13

below thep-band of Bi at the point’ by almost 2 eV, which

was noted in Refs. 7 and 10. where the mean square displacem(alnf) of the jth atom
The effect of temperature on the band structure of thesebeys the Debye equation

solid solutions can be taken into account using the 2

Brooks-Yu theor)}.3WhiIe at zero temperature the electronic (U-2( )= 3 l ® %>+1%} (14)

energies are calculated as functions of the atomic pseudopo- . m;kg G)jz T 4TY[

tential form factors where them; are the ion masse§); are the Debye tempera-

E(k)=E(k,{V;(G)}), (11 tures of each type of atom, ambj; is the Debye integral of

. . , the first kind. In our calculations the Debye temperatures for
at finite temperatures each Fourier component of jtte In, Bi, and Sb were assumed fo b®,=112 K.

atomic pseudopotential is corrected with the help of the ' _ 14
Debye-Waller factoM; (G,T), Og=120 K, and®g,=220 K.** The effect of the thermal

expansion of the lattice was taken into account in the appro-
E(k, T)=E(k,{V;(G)exd —M;(G,T)]}). (12)  priate formulas for the temperature dependence of the lattice
constants. Figure 2 shows a comparison of the calculated
temperature and concentration dependences of the band gap
E4 of semiconducting InSh ,Bi, solid solutions with ex-
perimental data from optical absorption experiménie

For cubic crystals the Debye-Waller factor is given by

260 . variation in the coefficienty=—AE,/AT with x calculated
- on the basis of this band structure is shown in Fig. 3.
240 X The satisfactory agreement between the experimental
220 - and theoretical curves justifies the hope that this model gives
200: a correct description of the energy band structure of these
> R ternary semiconductor solid solutions. It can serve as a basis
g 180 for further study and prediction of their optical properties
wg, 150 i and for a correct approach to solving the technological prob-
= lems of obtaining more perfect material with the required
140 band gap.
180 +
700 : *E-mail: vdei@chsu.cv.ua
a0 [ R N N N R B [ N N A | _—
0 5 10 15 20 a5 30 1A. Rogalski,New ternary alloy systems for infrared detect¢Bzlling-
z, % ham, Washington, SPIE Press, 1994
2T. I. Voronina, B. E. Dzhurtanov, T. S. Lagunova, M. A. Sipovskaya,
FIG. 2. The variation in the band g&f with composition for InSp_,Bi, . V. V. Sherstnev, and Yu. P. Yakovlev, Fiz. Tekh. Poluprovog®.278

The smooth curves are calculated and the points are experimentdl data. (1998 [Semiconductor82, 250 (1998].
T=0 (1), 77 (2), 300 K(3). 3J. Furdyna, J. Appl. Phy$4, 29 (1988.
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SEMICONDUCTOR STRUCTURES, INTERFACES AND STRUCTURES

Effective charge carrier lifetime in CdHgTe variable-gap structures
V. M. Osadchii, A. O. Suslyakov, V. V. Vasil'ev, and S. A. Dvoretsky

Institute of Semiconductor Physics, Siberian Branch of the Russian Academy of Sciences,
630090 Novosibirsk, Russia
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The effective charge carrier lifetime imtype CdHgTe variable-gap structures is calculated with
allowance for Auger recombination and recombination at dislocations. It is shown that

introducing wide, variable-gap layers can eliminate the effect of surface recombination and yield
long effective lifetimes, even for high densities of dislocatigasove 16 cm™2). The

calculated charge carrier lifetimes are in agreement with measurements on variable-gap structures
grown by molecular-beam epitaxy. @999 American Institute of Physics.
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INTRODUCTION bination rate on the density of dislocations emerging at the

The photoelectric characteristics of photoconductorstHgTe surface.

based on cadmium-mercury-tellurium compounds are deter—_t Tr?e dgpende?cgéc(;f th((a:(Ileeu_lrpe otn thte dislocation den-

mined by the minority charge carrier lifetime, which dependssc':'(ilZ _?S ederé SAU ' tl)n 9 | € struc urecsj %rownb on d
on both the structural perfection of the material and the sur: -niean aAs substrates. It was .state ¢ at. observe
face recombination rate. lifetimes may be related to charge carrier recombination at

There are a number of ways to passivate the Surfacéjislocations in the bulk of the CdHgTe, as in Ref. 9. It was
using insulating layefsor in situ growing of wide band-gap shown that for dislocation densities greater thaw 18°

_2 . . .
or variable-gap layers. Only the first two cases have been®™ = 1N CdHgTe structure:_; on GaAs th_e _"fe“”?es fal
examined theoretically2* sharply from 200 to 20 ns. Since the short lifetimes in Ref. 9

In order to improve the structural perfection in epitaxial were observed near the surface, however, it is possible that

growth techniques it is customary to use substrates Whostgose_m Ref. 6 are ?ISO affepted by surface recompmatmn.
It is known that introducing a nonuniform potential well

lattice parameter matches the epitaxial CdHgTe layer. Thus,t h fruct ¢ hot ductor | th
in CdHgTe epitaxial structures grown by molecular-beam! 0 e structuré ofa photoconductor increases ine

. . 10 . . .
epitaxy (MBE)>® on substrates of CdZnTe that are matchedl'feF'T% dHW‘(Ia' ha;/e dtevelogedMaétsch.rt'];]que Tcir growing epi-
in terms of the lattice parameter, a dislocation density oiIaX'a g'e structures by with real-timeé measure-

3% 10P—3x10f cm-2 is observed. At the same time. in Ments of the composition of the growing layeThis tech-
CdHgTe structures grown on GaAs substrates with cqrd'aue makes it _possmle_ to grow CdHgTe layers \.N.'th
buffer layer” a higher density of dislocations; 2x 10° arbitrary prespecified profiles of the CdHgTe composition
510 ijz is observed ' over the thickness of the film. For passivation, epitaxial lay-
It is known that dislocations can manifest electrical €S We€re grown with wide, graded-gap layers at the T"m'
activity 2 by, for example, making a dominant contribution to substratg interface and on the su_rface of the CdHgTe film.
carrier recombination and determining the minority charge In this paper we use numerical methods to study the
carrier lifetime. It has been shown from surface potential‘?ffe.Ct Of. graded-gap layers on the effective gharge carrier
measuremeriighat at an interface with an oxide, the lifetime |1€time in n-type CdHgTe photoconductors with composi-
in bulk CdHgTe(with a cadmium contentc,=0.3) at the tion profiles close to the actual ones and compare the theo-
surface layer depends on the density of disTocatiugs For retical and experimentally measured effective charge carrier
ng<2x10° cm2, the lifetime saturates and no Ionéer de- lifetimes in CdHgTe heterostructures grown on GaAs sub-

pends on the dislocation density. Evidently, there are otheptrates by MBE.
recombination centers which limit the lifetime. An empirical
formula for the lifetime as a function of dislocation density MO
was proposed. At the same time, photoconductivity measure-
ments, which yielded the lifetime for the structure as a  The calculations were done for photoconductors based
whole, showed that the lifetime is twice that measured in then a CdHgTe film with variable-gap layefBig. 1a, curvel)

skin layer for the same dislocation density. We believe thagrown on GaAs substrates with a CdTe buffer layeig.

this difference may be related to recombination at the oxideib). The profile of the Cd content over the depth of the film
CdHgTe interface and to a dependence of the surface recons close to the profiles in real structures. Here the band gap
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b Finkman and Shachmdn.It is assumed thaj,=0.01u,
and the formula for the electron mobiliy,, was taken from
z 14
L. Rosbecket al:
IR radiation The diffusion equation for nonequilibrium holes in
n-type CdHgTe is
— keT d . P(Y) —Po(y)
o dylrV) B+ =0, @
In contact
Here e is the electronic charge is the equilibrium hole
GaAs-CdTe-CdHgTe concentration in the absence of radiati@,is the carrier
photogeneration function, given by
I y
a G(y)=al(y) d>exp(—fo a(y’)dy’), 3
2 10.3 .. - .
04 vyhered) |_n<_:|der;t rad|at_|on fluxe is the ca_\lculated at_)sor_p-
3 102 tion coefficient® and 7 is the charge carrier recombination
- | time. Inn-CdHgTe that is uniform in composition, this time
0.3k 107 is determined by thé1 Auger proces§ and can be found
’ TS using an equation from Beattie and Landsb¥rgve intro-
o - A 3 duce the notatiorr, for this quantity below.
8 7 0 Since a calculation of the recombination time at disloca-
0.2 1 tions on a microscopic level is extremely complicated, we
17%7 have used an empirical mofléh which the recombination
ol __0'2 time 74 at a dislocation is given in terms of the dislocation
0 2 4(17 6 8 10 densityny by
s AM Cq
FIG. 1. (a) (1) The profile of the cadmium content in the model structure, Td:n_d' (4)

(2) the profile of the edge of the conduction band, &Bidthe profile of the

edge of the valence banth) A sketch of the model structure. The total recombination time in qu) is given by

1 1 1
_ _ _ —=—+—. (5)
increases toward the film surface and toward the interface 7 7A 7d

with the buffer (Fig. la; the difference between curvs

and3). . L )
The distribution of nonequilibrium charge carriers in anels and Ju‘?‘t Auger recombination. The param@gin Eq.
(4) was varied.

photoconductor can be determined by solving a one- :

dimensional diffusion equation that includes recombination n;ggﬁg?n(a should be supplemented by the boundary
and photogeneration of charge carriers and an imbedded fiefd
that develops because of the position dependence of the pa- ip(0)=—es[p(0)—po(0)],

rameters of the band structure. The hole curjgrats a func-

tion of the deptty in the structure in am-type semiconduc- jp(L)=es[p(L)—po(L)], (6)
tor is given by*

In the calculations we took into account recombination chan-

wherelL is the thickness of the CdHgTe film, asg ands;
q q are the surface recombination ratesyatO, the interface
i - — Inn2(v) — — with the buffer, and ay=L, the CdHgTe film surface.
Jo() ,up(y)p(y)kBTdyInnl ¥) ,up(y)kBTdyp(y), In Eq. (2) it is convenient to replace the unknown func-
@ ton by v(y) through the substitutiorpznizv. It is then re-
duced to a quasiharmonic foritike the heat conduction
whereu,, is the hole mobility p is the hole concentratiom, equation, for which a stable difference system has been re-
is the intrinsic charge carrier concentratidnis the tempera- ported in the literaturé® Equation(2) was solved using this
ture, andkg is Boltzmann's constant. This expression wasdifference scheme and then we found the effective lifetime
obtained in the approximation of a low level of excitation for 7., determined from the condition that the number of pho-
uniform doping in they direction. Note that since it contains togenerated carriers over timgg should equal the number
no dependence on electron affinity, the location of the conef nonequilibrium carriers in the structure,
duction lbland is independent of the coordingtéFig. 1a, . .
curve2).”" In the caIcuIat_|ons an expression fgrwas taken Teﬁf G(y)dy=j Ap(y)dy. @
from Hansen and Schmidft,and that forEy was taken from 0 0
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RESULTS 0.5+

We have studied CdHgTe structures grown by MBE on
(103 GaAs substrates with a CdTe buffer layer. The growth
of the CdHgTe layers was begun by growing a layer of con-
stant compositiorkcg=0.3—0.4 with a thickness of up to
0.2—-0.3um. We then grew a layer of CdHgTe, in which the
composition was varied to the concentrations required for the
operating wavelengths of a photodetector device, usually in
the rangex2,=0.2—0.24. The thickness of these layers var-
ied between 1 and 3m, depending on the growth rate.
Another layer with a constant composition and a thickness of
5-10 um was grown. Finally, a variable-gap layer with a
thickness of 0.5—Jum and composition ranging from 0.1—
0.5 was grown on the surface.

Calculations were done for model structures with com-
position profiles close to real structuré€fig. 13. The
CdHgTe film thickness wak =10um, the thickness of the
variable-gap layers wasAm on each side, and the cadmium
content on the surfaceg, was varied. The electron concen-
tration was 4< 10 cm 2 and the lattice temperature was
77 K. The surface recombination rate on the left v&gs
= 1/05 cm/s and that on the right, was varied from 0to 10 fig. 2. The composition profiles of structurgs2, 3, and4.
cm/s.

The calculations of the effective lifetime showed that
introducing variable-gap layers, naturally, reduces the influvalues are almost two orders of magnitude greater than the
ence of surface recombination, since the imbedded field rdifetimes reporteifor CdHgTe layers with a similar disloca-
pels minority carriers from the surfa€€ig. 1a, curve3). For  tion density but without variable-gap layers.
complete cutoff of surface recombination it is sufficient to It is evident that better agreement between the experi-
have Axcq=x%,— X24=0.05, when only Auger recombina- mental and theoretical times can hardly be obtained in the
tion is included and when both recombination channels aréramework of the simple empirical model of E(). The
included. This value for the difference in compositions isrecombination rate at dislocations can also have a different
close to that calculatédor a structure with a sharp hetero- dependence on their density, since they might be capture
junction near the resistor surface and with allowance for onlicenters, as well as recombination cenfefairther compari-
the Auger recombination. sons will have to be done with layer-by-layer etching of the

The problem of choosing the coefficie@y in Eq. (4) CdHgTe layers and measurements of the charge carrier life-
arises when calculating the effective lifetime with allowancetime and dislocation density.
for the Auger recombination and recombination at disloca-
t|or_1$ using the emplrl_cal model described above. The XTaY. N CLUSIONS
swing curves and lifetimes were measured for two samples.

An estimate from the half-width of the swing curves shows  We have calculated the effective lifetime of charge car-
that our dislocation densities were +46)x 10" cm 2 and  riers in n-type CdHgTe photoconductors with variable-gap
the lifetimes were 0.4-0.g&s. A calculation of the lifetime layers. Auger recombination and recombination at disloca-
according to our model with allowance for these data yielddions have been taken into account in the calculations. The
Cq4=40-80 s/cn?. latter was taken into account through the empirical model of

We have also compared the calculated lifetimes with
those measured from photoconductivity relaxation in a num-
ber of variable-gap structures whose composition profiles ar& BLE !-
shown in Fig. 2. In the calculations we took into account theSamlole n, A opt

calc’ Texp» Tealcs Ng s

e ——

4 6 8 70
d,},zm

times of Auger recombination and of recombination at diS-,ymper 16% em3 s us s 10 cm2
locations. Table | lists the measured and calculated lifetimes

for a temperature of 77 K. We chosg=4x 10" cm™? since gg 4213 1‘11 1'2 543
it lies in the range determined from the swing curves. Therg 86 29 12 09 53
is good agreement between the calculated and measured lifg- 1.3 370 0.75 15 8

times, while the lifetimes for Auger recombination alone dif-
fer by an order of magnitude from the experimental Values_N0t93TcAa|c is the calculated lifetime determined solely by Auger recombina-
. . ] i0N, Teyp iS the measured lifetimer,c is the calculated lifetime determined
These reSUIt_S ShOW that when wide, variable gap_ Iayer%y Auger recombination and recombination at dislocations V@t 60
are introduced, lifetimes in excess ofids can be obtained  gcn? andn,=4x 107 cm2, andng™is the density of dislocations at which

even when the dislocation density exceed$ df 2. These  the measured and calculated lifetimes are equal.
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A technique for fabricatingi-GaN/Si heterojunctions, which includes chemical deposition of

GaN layers with thicknesses of up to 20n on a Si substrate in an open gas-transport system, is
developed. The photoelectric properties of isotypic and anisotypic heterojunctions are

studied in natural and linearly polarized light. A polarization photosensitivity is observed when
linearly polarized light is obliquely incident on the surface of the GaN layers. The induced
photopleochroism increases quadratically with the angle of incideéhesd reaches 20% for
0=75°. GaN/Si heterojunctions may be useable as broad-band photoanalyzers of linearly
polarized light. ©1999 American Institute of PhysidsS1063-782809)00903-5

Gallium nitride is one of the several types of semicon-GaN layers have a fine crystalline structure with lattice con-
ducting materials which are currently being vigorously stud-stants corresponding to published valdeX-ray studies
ied. Because of substantial progress in the technology of thishowed that the widths of the swing curve in the best of the
wide-gap semiconductolE;=3.4eV atT=300K), it may layers we made aré=5—6° for d,=20um, which is com-
be used in short-wavelength and high-temperature optoeleparable to typical values of for GaN layers obtained by
tronics, photoconverters, and other devitésThere is also  other methods, including molecular-beam epitaxy, but for
special interest in solving the problem of integrating GaNd,<1um.? The GaN layers produced on Si substrates ori-
and Si, which may open up possibilities for using silicon, notented in thg111) and(100) planes generally had high adhe-
only for growing large area GaN wafers, but also for com-sion and continuity. The GaN layers had a uniform tint
bining the unique functional capabilities of these materialswhich varied from black to light-yellow, depending on their
In this paper we focus attention on this topic and report thehickness, and the outer surface usually has a relief whose
results of the first study of the photoelectric phenomena fostructure is determined by the deposition conditions. All the
linearly polarized light in heterojunctions created by forming GaN layers had electron conductivity and were characterized

layers of GaN layers on silicon substrates. by a free electron densitsz 10'° cm™3, and a Hall mobility
1. The GaN layers were obtained by chemical vapor=10 cn?/(V-s) at T=300 K.
deposition in an open H-HCI-NH;—Ga gas-transport sys- These technologies yielded anisotypig€GaNp-Si and

tem. Slabs oh- andp-type silicon with a free charge carrier isotypic n-GaNh-Si heterojunctions. The GaN layers were
density=10"%cm 3 at T=300K and a thickness=0.3mm  deposited on th¢100) and (111) planes of silicon with the
were used as the substrate material. Immediately prior taatural oxide(several monolayefsas well as with a special
deposition of the layers, the substrate surfaces were sulgoating of SiQ to a thicknessdy=0.6—0.8um. These ex-
jected to careful cleaning: degreasing in toluene, treatment iperiments showed that the change in the crystallographic ori-
boiling isopropyl alcohol(up to 10 min, etching in a entation and the presence of an gi@yer on the Si did not
1HF:5H,0 solution(up to 1 min), washing in deionized wa- show up in a significant way in the structures of the resulting
ter, and drying in heated isopropyl alcohol vapor. The layerssaN layers.

were grown in a reactor with Ga source zone temperatures This method allowed us to obtain heterojunctions with
T,=850°C and deposition temperaturés=890-910°C. areas of up to 58 50 mn¥, without any fundamental limits
According to a set of physical and technological studies, iron the size. In order to study their photoelectric characteris-
order to obtain the most perfect layers it was first necessariics, the heterojunctions were attached to a Fedorov table,
to form a thin buffer layer of GaNdg=0.5um) on the sili-  which is used to control the angle of incideng®f light on

con surface. This growth took place B§=550—-565°C for  the receiver surface to within 30The heterojunctions were
=2 min. Subsequent growth was at a higher deposition temilluminated on the side of the wide-gap GaN layer by lin-
perature T;=890-910°C and over deposition times early polarized light with a degree of polarization of up to
t;=20-30 min, GaN layers with thicknesses 100% over the entire photosensitive area.

d,=10—20um were reproducibly formed. The resulting 2. These heterojunctions have rectification properties. A

1063-7826/99/33(3)/4/$15.00 301 © 1999 American Institute of Physics
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FIG. 1. Steady-state current-voltage characteristic af-&aNp-Si hetero- <

[~

junction atT=300 K. (Sample No. 59.1.1. The forward direction corre-
sponds to a positively polarized external bias voltage on the Si.

hw, eV '
1
2.0 3.0
ﬁm, eV

typical current-voltage characteristic for one of the aniso-G. 2. spectral variation in the photosensitivityr@BaNp-Si heterojunc-
typic heterojunctions is shown in Fig. 1. Forward rectifica-tions atT=300 K in natural light(Sample Nos. 60.1.21), 59.1.1(2, 2'),
tion in these heterojunctions Corresponds to a negative po'aﬁg.z.l(3), 60.2.2(4). The heterojunctions are illuminated along a normal to
ity of the external bias at the-GaN layer, while in the e Plane of the GaN.
isotypic samples it occurs with a positive potential across the
GaN. It should also be noted that rectification in isotypic
structures is, as a rule, considerably inferior to that in anisoeaused by absorption in the GaN lay2rhe onset of the
typic ones. The reverse branches of the current-voltage chashort-wavelength drop for Si, as can be seen in Fig. 2, begins
acteristics of the heterojunctions at low voltages have at photon energies of 1.8—2.4 eV for the different heterojunc-
powe-law dependence that is close to linear, which is evitions and is controlled mainly by the thickness of the GaN
dence of imperfections in the heterojunctions produced herdayers. Furthermore, near the pegkin the photosensitivity
3. The isotypic and anisotypic heterojunctions exhibit aspectral curves for a number of the heterojunctions we see a
photovoltaic effect, whose sign is independent of the incidenslight modulation in the photoresponéeig. 2, curvesl-3).
photon energy in the entire photosensitive spectral range arithis modulation, however, is not deep enough to determine
independent of changes in the localization of the probe lighteliably the locations of the maxima and minima$nand,
(diameter=0.2um) along the surface of the structure. This thereby, evaluate their relationship to possible interference of
means that we can assume that photogenerated pairs dight within the wide-gap layers.
separated by the only active region in heterojunctions of this ~ An analysis of the interrelation between the photoelec-
type, which develops as a result of the formation of a contactric parameters of the heterojunctions and the conditions un-
between the GaN and the or p-type Si substrate. der which they were produced yields the following conclu-
The photosensitivity of all our heterojunctions is domi- sions. The growth technique developed for use here
nant when they are illuminated from the side of the wide-gapreproducibly provides heterojunctions with maximum volt-
layer. In this case, the spectral dependences of the photosesige and current photosensitivities & =20 V/W and
sitivity of the isotypic and anisotypic heterojunctions are, asS;=150 mA/W, respectively, af =300 K when GaN layers
a rule, wide-gap dependences. Figure 2 shows typical speefe deposited on- andp-type Si wafers oriented in thd 11)
tral variations in the current photosensitivity of Si for severalplane. The use of slabs with @00 orientation generally
heterojunctions aT =300 K in natural light. These curves reduces the photosensitivity by two to four orders of magni-
clearly show the “window effect,” in which a high photo- tude compared to those with (411) orientation; this indi-
sensitivity occurs in the range between the band gaps of theates that the quality of the interface region depends on the
materials in contact, and which is characteristic of sharpprientation of the substrate. At the same time, it should be
ideal heterojunction5The long-wavelength photosensitivity noted that the parameters of the heterojunctions did not
limit corresponds to the onset of interband absorption in thenanifest an explicit dependence on the thickness of the oxide
substrate material of these heterojunctions. In thdayer on the Si wafers. The total half-wid#h,, of the pho-
(ifhw)Y? (hw) plane(wherei is the current; curv@’ in Fig.  tosensitivity spectra for the best structures=i$.8 eV, when
2) this part of the curve is straight and extrapolation tothey are illuminated on the GaN side and tends to decrease as
hw=0 is consistent with the band gap of Si, while the short-the layer thickness, is increased in the range 10—2@.
wavelength photosensitivity limit of these heterojunctions is ~ When the heterojunctions are illuminated on the sub-
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FIG. 3. Short-circuit currentgl, 2), induced photopleochroisi, (3, 4), and polarization difference in the photocurre(B$ as functions of the angle of
incidence of linearly polarized light on the plane of GaN/Si heterojunctions=a800 K. (a) Sample No. 59.1.14 w=1.97 eV;(b) sample No. 60.1.2.1,
fhiw=2.34 eV.

strate side, the&s; spectra become narrow-gap spectta,{ behavior has been observed before in GaP/Si heterostruc-
=0.1-0.2 eV), reflecting the behavior of optical absorption tures and explained in terms of imperfections in the surface
in Si. layers of GaP.

4. Polarization measurements of the photosensitivity of ~ Another type of angular variation irP(8) andi®(6) is
the GaN/Si heterojunctions for normal incidence on eitheshown in Fig. 3b. For these heterostructures the outer surface
the layer or substrate side did not reveal any dependence of the GaN layers is of much better quality. Figure 3b shows
the short-circuit photocurrerit on the azimuthal angle,  that for both polarizations, fo#>0° in these heterojunctions
which determines the position of the electric vedfoof the  the photocurrents initially increase, pass through a maxi-
light wave with respect to the crystallographic axes in the Smum, and only then drop off. This behavior of the angular
substrates. This result is a consequence of the polycrystallidependences of the photocurreiftsandi® suggests that for
ity of the GaN layers and the isotropic nature of photoactiveboth polarizations an increase in the angle of incidence
absorption in S. On going to oblique incidence for linearcauses a reduction in the reflection losses so ithand i®
polarized light on the GaN layer surface at angles of inci-can increase. A simultaneous rise if and i° may
denced>0°, the photocurrerit, depends periodically on the indicaté"*? interference of the incident radiation in the rather
azimuth of the polarization of the linearly polarized light. perfect GaN layers. Thus, polarization changes in the photo-
The short-circuit photocurrent fa#>0° in all these hetero- sensitivity may find an application in rapid diagnostics of the
junctions was higher when the polarization plane of the raquality of GaN layers in fabricated heterojunctions.
diation coincided with the incidence plarié), i.e., when The experimental angular dependences of the induced
E||PI, than wherEL PI; in other wordsjP>i%. This inequal- photopleochroismP, in GaN/Si heterojunctiongFig. 3
ity is satisfied over the entire photosensitive range of theshow that increasing the angle of incidence causes a qua-
heterojunctions studied here. Typical plots of the shortdratic rise in the polarization photosensitivity, > 62. It is
circuit photocurrent as a function of angle of incidence,important to note that with all the heterojunctioRg=0 for
iP(6) and i%(#), for these heterojunctions are shown in §=0° over the entire photosensitive range. This suggests
Fig. 3. For a heterojunction with a rough outer surface of thehat the natural anisotropy of photoactive absorption in GaN
GaN layers(Fig. 39, the photocurrents begin to fall off im- is masked by the polycrystallinity of these layers.
mediately with increasing angle of incidenae>0°, al- The polarization differencdi=iP—i® in the photocur-
though the polarization inequaliiy’>i® still holds. Similar  rents for these heterojunctions, as can be seen from Fig. 3
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they are illuminated on the GaN side @& 75°. Our studies
show thatP, varies from sample to sample and for the struc-
tures studied here ranged from 5—-20QPtg. 4). In a number
of heterojunctions the photopleochroism undergoes oscilla-
tions and, therefore, depends on the incident photon energy.
Such behavior has been observed before in other structures
and attributed to a reduction in reflection losses due to
interference"'° It may be assumed that such phenomena can
10 occur in our heterojunctions because of variations in the pro-
duction conditions, and that they cause a reduction in the
experimental values oP, compared to the expecteB,

o o 8 o, o0 . n 0O =35% when interference is absent. It is also possible that
this reduction inP, is caused by changes in the surface struc-
ture of the GaN layers.

In conclusion, we point out that the observed induced
, . . ' photopleochroism of these GaN/Si heterostructures suggests

075 2.0 3.0 that they might be used as broad-baid-3.4 eV photo-

hw , eV analyzers for linearly polarized light with a maximum azi-
muthal photosensitivityb,=8—-10 mA/W-deg atT=300

FIG. 4. Spectral variations in_ the in(_juced photopleochroism of GaN/Si het-K, while the observed dependence Rf on the conditions
erojunctions for obliquely incident, linearly polarized light on the GaN col- . . .
lecting face aff =300 K. 6=75°. (1) Sample No. 59.1.1(2) sample No. under which the layers are fabricated might be used as a
60.1.2.1,(3) sample No. 60.1.2. rapid diagnostic of the quality of GaN layers and, therefore,
for optimizing the technology.

20

(curvesb5), becomes greater with increasifigand reaches a .

. o . . . *X.H.Yang, T. J. Schmidt, W. Shan, J. J. Song, and B. Goldeudery, Appl.
maximum near 70-75°. This parameter is regarded as im- Phys. Lett 66, 1 (1995.
portant for estimating the maximum polarization photosensi-2s. J. Pearton and C. Kuo, MRS Bulletifebruary, 1997 p. 17.
tivity of heterojunctions and, therefore, determines the rangejS- Nakamura, MRS BulletiFebruary, 199% p. 29.
of angles of incidence for which a photodetector will have (M- S: Shur and M. A. Khun, MRS BulletitFebruary, 199% p. 44.

h . l | larized liah Physical and Chemical Properties of Semiconductors. A Handlpwok
the greatest sensitivity to linearly polarized light. Russiai, Nauka, Moscow(1979.

The spectral variations i® andi® for obliquely inci- 6G. A. Martin, B. N. Sverdlov, A. Botchkarev, N. Markoc, D. J. Smith,
dent, linearly polarized light are similar. Only the gap be- S. Y. Then, W. N. Thompson, and M. H. Nayfez, Mater. Res. Soc. Symp.
tween theiP andis curves increases for largek Figure 4  ,7r0C:395 67(1996. _— . .

. A. Milnes and D. VoightHeterojunctions and metal-semiconductor junc-
sfhows spectral dependences Rf for s_evergl heterolunc—_ tions (Moscow, 1975
tions. These curves show that for oblique incidence of lin-8yu. V. Zilyaev, N. Nazarov, V. Yu. Rud’, Yu. V. Rud’, and L. M.
ear|y po'arized ||ght on the GaN side of these heterojunc- Nazarov, Fiz. Tekh. P0|Upl’0V0dﬁ7, 162(1993 [Semiconductorﬁ?, 86
g X ) . (1993].
tions, the induced photopleochro'lsm' become's' different fr(.)mgvl vu. Rud’, Yu. V. Rud', T. Walter, and H.W. Schock, in Inst. Phys.
zero, so that they become polarization sensitive. According conf. Ser. No 152, IOP Publishing Lt€1998, p. 971.
to theoretical calculations, the induced photopleochroism fot°v. Yu. Rud’ and Yu. V. Rud’, Fiz. Tekh. Poluprovodgl, 243 (1997
a given angle of incidence is determined by the refractivqlge/:“"’i/lo”g“Cécl’('_rglv 1(133(1\5’92]-(], Phys. Status Soldi6, 333 (1981
index!! Persuant to these estimates, the induced photopleo-—- " Ve@VeaKin and ¥ V. Ut Fhys. Siaius Solidigh, '

chroism in these heterojunctions should reaeB5° when  Translated by D. H. McNeill
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Mechanism for heavy Fe doping of epitaxial GaAs/AlGaAs heterostructures

I. Ya. Gerlovin, Yu. K. Dolgikh, S. A. Eliseev, Yu. P. Efimov,* I. A. Nodokus,
V. V. Ovsyankin, and V. V. Petrov

Scientific-research Institute of Physics, St. Petersburg State University, 198904 Petrodvorets, Russia
B. Ya. Ber

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted July 28, 1998; accepted for publication August 5, 1998
Fiz. Tekh. Poluprovodr33, 302—305(March 1999

Heterostructures which are maximally doped with iron and which contain bulk layers of GaAs
and ALGa _,As, as well as GaAs/AlGaAs superlattices are grown on BALB02

molecular-beam epitaxy system. An analysis of secondary-ion mass spectrometry profiles of the
iron penetration shows that during growth on substrates oriented L@@ plane, the

maximum concentrations of iron in the GaAs layers, as well as in the GaAs/AlGaAs superlattices,
are two orders of magnitude below those for the ternary solution AlGaAs. A radical
enhancement in the maximum Fe concentratiop to 5x 108 cm™3) in GaAs/AlGaAs

superlattices can be attained by growing them on substrates cut with a 3° deviation frg@0dhe
plane. It is important that at these high doping levels the low-temperét0r&) absorption

and photoluminescence spectra of the superlattices still contain narrow exciton lines. Possible
mechanisms for the selective implantation of iron in GaAs/AlGaAs hetrostructures are

analyzed. ©1999 American Institute of PhysidsS1063-782@09)01003-7

The doping of epitaxial GaAs heterostructures with ironby implantation of iron atoms in the corresponding crystals.
to very high concentrationgon the order of 1 cm™3) is In order to determine the maximum level of entry of Fe
accompanied by the formation of iron-rich clustér§he into the GaAs, test doping was done with different intensities
presence of clusters of this sort greatly modifies the relaxef the iron molecular beam. For this purpose, during continu-
ation characteristics of the heterostructures, making themus epitaxial growth of the GaAs layer, the Fe molecular
suitable for use in ultrafast nonlinear optical componérits. beam was turned on for a relatively short tid® min) with
has been found, however, that the standard technological ap-constant source temperature. After the beam was shut off,
proaches(combined deposition and-doping for creating the Fe source temperature was raised to the next fixed value.
iron-rich clusters in bulk layers of GaAs and AlGaAs do notIn this time the doped layer grew as a pure GaAs layer. The
provide heavy doping of GaAs/AlGaAs superlatti¢eBhis  Fe beam was then turned on for a short time, etc. Accord-
substantially limits the possible applications for these strucingly, the temperature interval 840—1080 °C was covered in
tures.(A low maximum doping level for epitaxial superlat- stepwise fashion. The quality of the epitaxial layer during
tices has been observed in other studjeln this paper we growth was monitored from the fast electron diffraction pat-
present the results of an experimental study aimed at searctern. For iron source temperatures above 1080 °C it was
ing for epitaxial growth conditions that offer the possibility found that epitaxial growth fails, as revealed in the appear-
of raising the maximum level of iron implantation in GaAs/ ance of images characteristic of three-dimensional growth in
AlGaAs heterostructures. . the diffraction pattern.

The structures were grown on arPE302 molecular- A profile of the Fe concentration in a doped sample is
beam epitaxy system equipped with standard Ga and Al mashown in Fig. 1a. As can be seen from the figure, two regions
lecular sources and boron nitride crucibles. A sapphire cruean be distinguished in the sample with substantially differ-
cible was used for the Fe molecular source, since at thent implantation of the dopant: bulk and surface. The first
source operating temperature of 840—1080 °C iron reactslearly shows distinct doped layers, within which the iron
chemically with boron nitride. The epitaxial structures wereconcentration is constant. The doped layers have sharp
grown on semi-insulating substrates of AGChP-8 gradéoundaries and the positions of the boundaries correspond
GaAg100). The typical growth rate was 0.8—1m/h. precisely to the times the molecular Fe source is turned on

The distribution of the major constituents and the dopingand off. This doping profile shape is evidence of the absence
impurity in the grown structures were studied by secondanof dopant diffusion. The iron concentrations were nearly the
ion mass spectrometr{SIMS) in a CAMECA IMS4F ion same in all the doped layers, although the density of the
microprobe. The depth of the ion etching crater was meamolecular beams differ by three orders of magnitude in the
sured on a DEKTAK mechanical profilometer. The exactextreme points. This means that the observed concentration
values of the concentration of iron atoms in the GaAs and5+2)x 10' cm™2 corresponds to the maximum level of
GaAlAs were determined using calibrated samples obtainedtable iron implantation into GaAs layers under these growth

1063-7826/99/33(3)/3/$15.00 305 © 1999 American Institute of Physics
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conditions. Further experiments showed that the maximun
Fe concentration remains fixed as the growth temperature
varied in the range 450—-550 °C and the crystallographic ori
entation of the substrate is varied over deviations of 0—3'
from the (100 plane.

The Fe concentration profile looks quite different in an

initially undoped surface layer. Near the surface the Fe con-

centration exceeds ¥cm ™2 and falls off smoothly into the

depth of the crystal. The bulk of the Fe impurity introduced -

during the doping process actually lies in the skin layer of
thickness 100—200 nm.

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

As the subsequent investigations showed, the doping be
havior for multilayer heterostructures is substantially differ-
ent. Figures 1b and 1c show the doping profiles of sample
151 and 153, both of which contained a GaAs/AlGaAs su-
perlattice(30—35 periods of 7-nm GaAs/7-nm AlGa, /As)
enclosed between thiakt00-nm) layers of the ternary solu-
tion Alg ;Ga&, 7As. Iron doping was carried out continuously,
beginning at the middle of the first layer of ternary solution
and ending at the middle of the second. The density of th
molecular Fe beam corresponded to an extremely high leve
of doping of the ternary solution; the iron source temperature
for both structures was 1010°C. As Figure 1b shows, ir
sample 151, which was grown on a substrate oriented strictl
in the (100 plane, the first layer of ternary solution is uni-
formly doped with iron to a concentration of
5% 10'® cm™3. At the boundary with the superlattice the Fe
concentration falls rapidly to 2 10'® cm 3. This value re-
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mains constant almost throughout the entire superlattice, bt

near the boundary with the second layer of ternary solution i
begins to rise. Immediately at the boundary the Fe concer
tration reaches 8 cm 2 and then falls to an equilibrium
value of 5x 10'® cm™2 in the interior of the ternary solution.
The low maximum level of doping of the GaAs/AlGaAs su-
perlattice seen in this sample agrees well with publishec
datal?

The Fe concentration profile of sample 153, which was
grown on a substrate which deviated from the crystallo-
graphic(100 plane by 3° in thg110) direction differs strik-
ingly from the profile of sample 15XThe nominal dimen-
sional parameters, as well as the growth and dopingiG. 1. Heterostructure doping profile&) Sample 73(a thick layer of
conditions, for samples 151 and 153 were almost the 9ameGaAs; (b) sample 15]superlattice on a substrate with orientatid®0)];

As Fig. 1c shows, the Fe concentration in sample 1539 sample 1535uperlattice on a substrate with a deviation of 3° from the

is constant in the entire doping region, without significant(loo) orientation.

jumps at the boundary between the superlattice and the

ternary solution. The average Fe concentration here

is 3x10"®¥ cm3. A comparison of Figs. 1c and 1b shows the neighborhood of the exciton transitions in the superlat-
that using a substrate that deviates by 3° makes it possible t@ce. Spectra of the undoped control sample 136, with the
enhance the maximum Fe doping level in a GaAs/AlGaAssame structure, were recorded for comparison. Before the
superlattice radicallyby more than a factor of 100 absorption spectra were recorded, the opague GaAs substrate

Despite the very high level of iron doping, the degree ofwas selectively etched using the method described in Ref. 4.
structural perfection of the superlattice in sample 153 waghe luminescence was excited by a He-Ne laser and re-
rather high. This conclusion was based on a study of theorded using a DFS-24 spectrometer. An analysis of the re-
luminescence and absorption spectra of the doped samplessnlting spectrdFig. 2) shows that the introduction of Fe into
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a defects inhibits diffusion of the dopant ions, which accounts
0.4k , for the presence of the sharp boundaries in the doping profile
7 of Fig. 1a. The excess iron ions which are not bound during

the growth process accumulate at the growth surface and
partially diffuse into the depth of the material. These ions
form the iron-enriched skin layer of the doped samples.
A ternary AlGaAs solution differs from pure GaAs

in having an elevated impurity oxygen content at
concentratiorfSthat can exceed $6cm™2. In addition, in

the ternary solution fluctuations in the composition can play
the role of defects that couple Fe ions. It is entirely reason-
able to assume that the combined effect of these factors also

<
w
T

I, arb. units
54
o~
1

=
X
T

o A . . . . .
leads to the sharp increase in the maximum doping level in
7550 7590 7960 7540 7600 7620 Tow AlGaAs.
£, me Unfortunately, this simple model cannot explain the ob-
ook b served iron doping behavior in GaAs/AlGaAs superlattices.
! Here we have, first of all, to refer to the extremely low maxi-
ozok mum doping level for growth at a 0° substrateig. 1b.
z Starting with the quantitative amount of ternary solution in
£ s the superlattice, we might expect a reduction by roughly a
N factor of 2 in the Fe concentration compared to that in a thick
E»o.m- layer of AlGaAs, while the concentration is actually more
than two orders of magnitude lower. In addition, this model
oosf does not explain the radical increase in the maximum doping
level of the superlattices when the crystallographic orienta-
o tion of the substrate deviates from ttH0 plane(Figs. 1b
e o - o e o s and 1¢. The main consequence of this deviation is a change
£, meV in the form of the growth surfacé&errace formationand
FIG. 2. Absorption(1) and exciton luminesceno@) spectra of superlat- heterojunctions. This implies that the very existence of alter-
tices.(a) Sample 136undoped, (b) sample 153. nating heterojunctions and their form have a radical influ-

ence on the doping of GaAs/AlGaAs heterostructures with
iron. The available experimental data are clearly insufficient

the superlattice is not accompanied by a sharp deterioratiol¢" identifying the mechanism for this influence. It can only
in its quality. The absorption and luminescence spectra olpe assumed 'Fhat _thIS mechanism is .relate.d to the cond!tlons
sample 153 contain distinct peaks at locations correspondinfy’ Surface diffusion of the dopant impurity atoms during
to the superlattice excitons. The widths of the exciton peak§Pitaxial growth. Identifying the specific processes which de-
and the Stokes shift are only 1.5 times the correspondingErmine the maximum doping level in GaAs/AlGaAs hetero-
widths for the control sample. The widths of the exciton Structures requires further study.
peaks of sample 151, which essentially contains no iron in ~ This work was supported by the Russian Fund for Fun-
the superlattice according to the SIMS data, are at least &#@mental ResearckGrants No. 97-02-18163 and 97-02-
large as the corresponding values for sample 153. Thid8339.
means that the main reason for the broadening is an overall
increase in the level of defects in the heterostructures asso-
ciated with doping, and not an interaction of the superlattice
excitons with iron atoms.

These experimental data yield certain conclusions aboutE-mail: efimov@snoopy.phys.spb.ru; F4812) 428-72-40
the mechanisms leading to formation of the iron doping pro-
file of the GaAs/AlGaAs heterostructures. The most under-
standable is the process whereby Fe enters the bulk layers of
pure GaAs and the ternary solution. The Fe ions, which have
a smaller ionic radius than Ga and a different coordination"M. W. Bench, C. B. Carter, F. Wang, and P. I. Cohen, Appl. Phys. Lett.
symmetry, are a nonisostructural impurity for crystalline 236'5488&;?93' 3. Eaglesham, U. D. Keil, B. I. Greene, P. N. Saete, I. N
GaAs. Given this circumstance, we might expect that iron, as prtrer R. F. Kopf, S. B. Darac, and K. W. West, Mater. Res. Soc. Symp.
a dopant impurity, would predominantly enter a site that had proc.241, 245(1992.
lost its structural perfection, i.e., near structural defects andM. R. Melloch, C. I. Chang, N. Otsuka, K. Mahalingam, J. M. Woodal,
other impurities. Apparently precisely the concentration of ,and P- D. Kirchner, J. Cryst. Growtt27, 499(1993.
these defects determines the maximum level of stable dopingJ' J. LePore, J. Appl. PhyS1, 6441(1980.
of Fe in epitaxial GaAs layers. The strong coupling with Translated by D. H. McNeill
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lon neutralization effects at a semiconductor-insulator interface produced as a result
of space-charge thermal depolarization of MOS structures

E. I. Goldman, A. G. Zhdan, and N. F. Kukharskaya

Institute of Radio Engineering and Electronics, Russian Academy of Sciences, 141120 Fryazino, Russia
(Submitted July 2, 1998; accepted for publication July 7, 2998
Fiz. Tekh. Poluprovodn33, 306—310(March 1999

Numerical simulation is used to analyze the contributions of ion traps, ion neutralization effects,
and minority charge carrier generation near the insulator-semiconductor interface to the
temperature dependences of the curt#t) and high-frequency capacitan€(T) during

thermally stimulated depolarization of MOS structures. In general, even when the insulator
contains only one type of mobile ion, tlT) curves can have three peaks due to the

depletion of ion capture centers, the decay of neutrat-iglectron associates, and minority charge
carrier generation. The temperature sequence of these peaks, and their fdmabeto

one), are determined by the relationships among the activation energies for the corresponding
processes and the initial band bendldg in the semiconductor. Cases in which the

individual peaks merge, with accompanying broadening and symmetrization, can be mistakenly
interpreted in terms of the emergence of ion traps with an energy distribution. An analysis

of the families ofJ(T,Uq,ng) andC4(T,Uq,Ng) curves fg is the initial density of particles, ions,
and neutral associates localized in the insulator at the interface with the semicopductor

makes it possible to distinguish the purely ion phenomena from the electronic, as well as to
identify the contributions to the current from ion traps and neutralization effects, and, in principle,
to explain the observed evolution of the thermally stimulated depolarization peaks with

varying Uy andng, which has not yet received an adequate physical interpretatiorl 999
American Institute of Physic§S1063-7829)01103-5

The observed features of ion transport in an insulatingf the ions through the insulating layer is short compared to
layer on a semiconductor surface indicate that electron-iotheir lifetime in the capture centerdhese conditions are
reactions in the boundary region play an important roleclearly realized in sufficiently strong depolarizing figlds
causing neutralization of ions through capture of electron@nd that within the temperature range of concern, ion
from the semiconductor into localized states formed by thet-€lectron neutral associates always remain bound at capture
ions and their dielectric mediumOn the other hand, the centers. In other words, neutral associates or ions are found
interpretation of transient ion depolarization processes, espét the interface in localized states and only an ion can leave

cially under thermal stimulation, is usually based either or@ capture center. Depolarization will therefore be limited by
the idea that “classical” ion capture centers exist at thetwo processes, the release of ions from traps and the decay of

semiconductor-insulator interfaces such that capture of afeutral associates, either through transitions of electrons into
ion into them does not affect the electronic subsystem of thi1€ conduction band of the semiconductor or through their
semiconductof;# or on volume ion transport mechanisms recombination with holes, which is more important for large

through the dielectric layer such that the ion-electron inter_band bending. The depolarization kinetics is described by the

action has no effect on the interfac&sin this regard, it is equations

interesting to trace the qualitative and quantitative effects of

ion neutralization and ion traps on the thermally stimulated

depolarization characteristics of MOS structures. dn __ M e EiIT 1)
Let mobile, for concreteness positive, singly charged,  dt T '

ions be present in a dielectric layer on the surface of an

n-type semiconductor. Under equilibrium conditions, in po-

larizing fields they will all be concentrated at the dn; e BT 1 Ng
semiconductor-insulator interface, captured in traps, and W=—n.[ —t— N—e‘U’T+ g /T
neutralized(the last is caused by the rather high enrichment ' cte
of the surface region of the semicondugtadkfter the depo- i p

.. . . e . +—|e (Eg E)Ty
larizing field is turned off, the equilibrium in the system v Ny

breaks down and ions can migrate from the interface. We
assume that the depolarizing field causes majority charge +n
depletion of the semiconductor surface, that the time of flight

1 1
e BTy ﬁ
e v Ny

: @
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and high frequency capacitance of the MOS structure is held con-
stant, i.e.W=const, it is impossible to obtain an equilibrium
dps i‘ 0| e (ot P|_ @] state of the systef).
dt =y " Ny| Ny The relaxation signals which show up in experiments

(the current density and specific rf capacitanc€ of the

+ Np(z2—21) e Ep/T ) MQOS structurg are given by

1— gEq~ VT Ngp

T NcN
DC cNv gn e &7
Heren, n;, andp; are the surface densities of ions captured ~ J= —————+ a5 (Ni+Pps+ NaW)
by ion capture centers plus neutral associat®s 6f ions '
(n;), and of holes f); Ny andp are the volume concentra- c*lzci*1+ c;l, Ci=kil4mh, Cg=rd4mW.
tions of donors in the semiconductor and of holes immedi- .
ately at its interface with the insulatdrijs the time;E; , E, Let us examine the dependencHd,U) and C(T,U)

andE,, are the activation energies for the ion traps, for ejecfor a linear temperature scathermally stimulated depolar-
tion of electrons from neutral associates, and hole generatiogation withT=T,+kpt, whereT, is the initial temperature,
through a volume center in a semiconductor with concentrak iS Boltzmann's constant, angl=const is the rate of heat-
tion Np , Eg is the band gap of the semiconductdrjs the ing) obtained by numerical solution of the system of equa-
surface(depletedl band bending in the semiconductdr;is t|ons(1)—(6) for an MOS structure on Si with the following
the temperature in energy units; & pc oy are the fre- typical parametersh=10"° cm, x;=3.9, Ng=10' cm™?,
quency factors for the probabilities of emptying ion trapsks=11.9, Eg=1.12 eV, Nc=2.8x 10'(T/300k)** cm™?,
9 3/2 —3 5 —3
(7Y, of electronic transitions from a neutral associateNv=1.04X 10*(T/300k)*2 cm”?, andNp= 10*cm™. The
(721 and from a volume hole generation centef¢) into cglculat_lons were d_one fof,/k=100 K in the system of
the conduction band of the semiconductor, from the valencg'mens_'?nless V"’_‘rl'ableSt/Ti , ”_/PO' ni/No, Ps/Mo,
band of the semiconductor into a neutral associafed{ and ~ W/NoNg ~, 21/NgNg *, andz;/noNy *, wheren, is the ini-
into a volume center41); z, andz, are the coordinates of tial (t=0) total surface density of the ions and neutral asso-
the volume hole generation region in the surface depletioifiates. The the values of the current and capacitance given
layer of the semiconductor with widW; N, andN, are the ~below have therefore been orthonormalizaes J/(qngr; *)
densities of states in the conduction and valence bands; andind C¢= C,/(k/4mnoNg ). All the preexponential factors
is time. In accordance with Refs. 7 andz8,andz, are given  were assumed to be equat € 7c= 7pc= 7= 7Tpy), Since it
by was assumed that the ion lifetime at the traps and the decay
lifetime of the neutral associates, as well as the volume rate
of hole generation, are determined mainly by the activation
energiesk;, E,, and Ep. The value 3=4.46x10 19 7;
(deg/g corresponded to thermally stimulated depolarization
(W—2,)2 Eq—Ep—F conditions for all the activation energies which appear in the
o2 _( = )+|n 0, 4 calculations.
Qualitatively, depending on the relationship between the
whereL 4= (< T/47q°Ny)*? is the Debye shielding length, activation energies for the ion trapg;j and for the decay of
K IS the dielectric constant of the semiconductgris the  the neutral associate& (), two situations occufClearly, if
unit chargeF =TIn(N:/Ny) is the Fermi energy in the bulk the volume mechanism for hole generation predominates,
of the semiconductor, gr@: Tov/Toc . The rellaltionship be_— thenEo=E, (Eq<Ep) andEq=Ep (Ex>Ep).] If E;—E,
tweenp, ps, W, andU is found from an empirical approxi- =T, then initially the neutral associates break up and the
mation to a solution of the Poisson equation expressed ifbns produced by this breakup are then freed from the traps.
quadrature forrh® Accordingly, two current peaks should be observed in the
thermally stimulated depolarization curve: a low-temperature
electron peakdecay of the neutral associates, pégkand a
high-temperature ion pealemptying of the ion traps, peak
) (5) B). If E,— E;>T, then the limiting stage of thermally stimu-
lated depolarization is the breakup of the neutral associates
) ) and the thermally stimulated depolarization curves should
Equations(1)—(5) must be supplemented by the equation of contain only one peak with both electron and ion compo-
electrical neutrality, nents. In principle, in both these cases a current peak that is
_ 2 unrelated to ion transport can appear as a result of the gen-
AVg=U+4mqh/ ri(ni + st NaW), ®  eration of holes which can accumulate after the breakup of
whereV = const is the potential of the field electrode, dand neutral associates.
and «; are the thickness and dielectric constant of the insu- Figure 1 shows thermally stimulated depolarization
lating layer.(The conditionVy=const is fundamental during curves J(T) for no=10" cm2, Ei—EO>T, and various
the intense generation of minority charge carriers correvalues of the initial band bendind, in the semiconductor.
sponding to heavy nonequilibrium depletion, since when théerhe thermally stimulated depolarization current has two

U W—z 2 e(Eg*ED)/T
gl 21) +|n(p +1
T 2L Ny

p=27q%(ksT)(p2+2pNgW),

W2
= —2+2 In

Ps
Wl
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FIG. 1. Thermally stimulated depolarization curdd) for different initial 2 T/%, K

band bendings), and a typical temperature dependence of the ion density
i ; 1 m-2 -
n; at the interface. The computational parametersrare1x 10'* cm 2, FIG. 2. Temperature variation of the recipro&* of the capacitance of

Ei/300k=38 (0.98 eV}, Eo/300k=23 (0.59 eV}, Ep/30%k=30.3(0.78 eV} the depletion layer of the semiconductbi,/300k (U, eV): 5 (0.13 (curve
(these activation energies are typical formsi/SiO, systent*?; U ,/300k 1), 15 ?0.39) (cu);ve 2). 30(0.77 (curve 3)0. N E( OE andE.. 3re as in
(Uo, eV): 15 (0.39 (curvesl and3), 60 (1.55 (curve?2). Fig. 1. ' o e P

peaks,A (due to breakup of neutral associafeshose am-  the jon traps causes increased band bending and, thereby,
plitude rises ad), increases an@ (due to emptying of ion  aqditional hole generation, so that the symmetrization of
trapg, whose amplitude depends only weakly bj. The  peakB with increasingU, is related to the contribution of
behavior of these peaks &k changes is different: with in-  holes to the thermally stimulated depolarization current,
creasingU, peak A shifts toward higher temperatures and whijch is more important in the decaying side of the peak.
becomes progressively more asymmetric and gakoves Figure 2 shows plots (Es—l(-l-), i.e., of the temperature

tf""’af' '%We_r temperatures and beﬁor}“?ls ever more SYMM&fgpendence of the width of the depletion layer of the semi-
ric. T f asis for this i avior Ir?bt eh odow:cng. Okrj Mo, conductor. For lowJ,, when hole generation is unimportant,

neutral associates in the neighborhood of péaklo not e initial and final charge states of the interface are essen-
break up completely because a quasiequilibrium de"e'o_ps IHally the same: the hole charge on the interface prior to
the electron subsystem at the interface due to a reduction Lf?1erma|ly stimulated depolarization is zero and close to that

the band bending caused by an increase in the ion char . o i ~
density. In particular, fot /300k= 15, 20% of the neutral goﬁter it is complete. Thus, the initial and final sFatngfare
close. For highetJ,, the role of hole generation increases

associates break Jprigure 1, the functiom;(T), curve 3]. . . :
With increasingU,, a quasiequilibrium is attained at gradu- substantially, gspemally at high temperatures. As a result,
gven for relatively lowU,, a maximum appears in the

ally increasing temperatures and densities of the ions formed " )
by breakup of the neutral associatésr U,/30%k=60, all C, *(T) curves bece}use the hole generatlon rate excegds the
the neutral associates have already brokenTierefore, the Fate of loss of the ions from the interface. For still higher
increase in the amplitude of pedkis related to an increase Nitial band bending, this maximum vanishes.

in the number of neutral associates that break up, and its shift Changingng in the volume does not lead to any funda-
is related to an ever later approach of the system to quasfieéntal modifications in this behavior. With increasing,
equilibrium. For the largest band bendings, the quasiequilibth® Process of establishing a quasiequilibrium in the elec-
rium sets in after complete breakup of the neutral associate§ONic system at the interface has a stronger effect on the
so that peak? acquires the asymmetric shape characteristi€haracteristics(T) and C *(T), while hole generation is

of the kinetics of first-order, thermally stimulated less important. Thus, the quasiequilibrium corresponds to a
depolarizatior?. PeakB develops because of the emptying of certain number of charged particlésns, formed as a result
the ion traps. Thus, for low, the loss of an ion from the Of the breakup of neutral associateshich depends weakly
interface stimulates increased band bending and, thereby,@ No. Thus, whenn, increases from 6 to 10 cm™?

shift of the quasiequilibrium of the electronic subsystem to-(band bendingJ,/300k=15), the fraction of the neutral as-
ward more rapid breakup of the neutral associates, whicRociates which break up in the neighborhood of pAate-
causes filling of the emptied ion traps. This shows up as &reasesfrom 20 to 3%, while the ratio of the amplitudes of
“delay” in the emptying of the traps, which is less when the peak A and peakB drops sharply(Fig. 3), so that under
initial band bendingJ, is greater. As a result, with increas- actual experimental conditions peakmay seem unresolv-
ing U,, peakB shifts toward lower temperatures. For large able against the background of peakFor equal initial band
U,, hole generation under quasiequilibrium conditions is im-bending, the finalafter completion of thermally stimulated
portant.(SinceE; — Ep>T, the hole generation time is much depolarizatiopdensities of holes are the same, and the effect
shorter than the ion lifetime in the trapShe emptying of of hole generation on the rising side of tﬁr-gl(T) curve
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FIG. 3. Temperature dependencesjofl) andn; (2) for no=10" cm 2,

T/k, K
Uy/30k=15(0.39 eV). E;, Ey, andE are as in Figs. 1 and 2.

FIG. 5. Temperature dependence of the recipr&g‘a?(T) of the capaci-
tance of the depletion layer of the semiconductdg/30k (Ug, eV): 15

(0.39 (curvel), 30(0.77 (curve2), 60(1.55 (curveld). ny, E;, Ey andEp

diminishes. In particular, fod ¢/300k=30 (no=10"2cm™2),  are as in Fig. 4.

this side still exists, while byo=10' cm™2 it has vanished
(Flginz)t'he case oE,— E;>T, there is a single peak B(T). termined byE . _T_heref_ore, the activation energy for the ion
Since it was assumed in the calculations tBgt-Ep>T, cu_rren_t on the rsing side of t_he thermally stimulated depo-
thermally stimulated depolarization proceeds under qua:si!—arlzatlon CUIVES 1S equal precisely &, (and n.OtE‘ or Eo), .
equilibrium conditions at the interface of both the electron”€ FO an activation energy .that- has no d!rect connect|on
and hole subsystems, and the amplitude of the current pe th ion Processes. Here a _s,|tugt|on .Wh'Ch IS no.t.typ|c.al of
increases adJ, rises (Fig. 4). Under these conditions the thermally stlmulat_ed depola_\rlzann arises - the nsing side o_f
neutral associates break up mainly through recombinatio?’ﬂe purrent pgak IS dgtermlned exclusively by an increase in
with holes, which are able to accumulate near the interfac%je ion densityn;, which depend;: on the balance'betyveen
only after the almost complete breakup of the neutral asso- e breakup of the ”e‘Wa' assomattﬂfﬂo_ugh_ recomblnatlon
ciates. The thermally stimulated depolarization current isOf trapped electrons with hol}a_and the ej_ect_|on (.)f lons from
then limited solely by the hole generation rate, which is de-”?ps' and not by a r_educt|o_n |r_1_the lon lifetime n the tr_aps as
T increases. There is no significant accumulation of ions in
the traps and the thermally stimulated depolarization current
is essentially proportional to; (Fig. 4, curved).
Figure 5 shows the series of correspondiﬁgl(T)
curves. In contrast with the previous cd§ég. 2), they have
44 no rising side, which is as it should be because under quasi-
equilibrium conditions the place of an ion that has left the
interface is almost instantly filled by a hole. In other words,
these curves reflect the accumulation of holes at the interface
and, asn, increases, the transition from a plateau to the
falling side is shifted to higher temperatures and the shape of
the current peak changes: its fall becomes ever sharper, since
the equilibrium of the system sets in only when an equilib-
rium hole density has been attained and at a higher rate for
higher ny and U,."1° With increasingU,, the drop in the
E;l(T) curves becomes steeper due to an increase in the
hole generation rate which is proportional to the width of the
\ depletion layer.
Therefore, in the most general case, even when only one
type of mobile ion is present in the insulator, three current
peaks can appear in the thermally stimulated depolarization

curves due to the breakup of neutral associgesivation
different initial band bendingbl, and a typical temperature dependence of energy Eo), emptying of ion traps(activation energyEi),

the ion densityn;(T) at the interface. The computational parameters are . . . .

ny= 10 om 2, E,/300k=23 (0.59 eV), E,/300k=38 (0.98 eV), Ep/300k e}nd .the generation of holes,. the minority ch_arge par(ms

~30.3(0.78 eV}, and U,/30k (Uo, eV): 15 (0.39 (curves1 and4), 30  tivation energyEp). Depending on the relationships among
the values ofEp, E;, andE,, the “hole” peak can either
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FIG. 4. A family of thermally stimulated depolarization curvagr) for

(0.77 (curve 2), and 60(1.55 (curve3).
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precede, follow, or merge with the peak that is associatednd the insulator. Broadening of the thermally stimulated
with purely ionic effects. Merging (with corresponding depolarization peaks can also be caused by the dispersive
broadening of two or three peaks may be erroneously inter-character of ion transport in the volume of the oxtdéor-
preted as caused by the presence of ion traps with an energyally, this type of broadening can be attributed to the pres-
distribution on the semiconductor-insulator interface, but, agnce of ion capture centers with an energy distribution near
these calculations have made clear, an analysis of the famihe interface. Therefore, the general pattern of the behavior

lies of I(T,Uq,no) andCy(T,Uq,ng) curves can be used to of I(T) andC¢(T) may turn out to be more complicated and
separate the purely ionic and electronic phenomena, establishen, without the ideas developed here and in Ref. 1, it is
(even from the qualitative shape of the thermally stimulatedmpossible to successfully “decipher” it and, in principle, to
depolarization curvgghe contributions of ion traps and neu- explain the observed evolution of the thermally stimulated
tralization effects to the current, and determine the activatiomlepolarization peaks with varying, and ny,*® which has
energies of the corresponding processes. Here it is useful tmt yet received an adequate physical interpretation.
employ several well-known and extremely effective experi-

mental techniquesinitial heating, factional “purification,”  visojated hole peaks are not shown in r,U,,n;) curves presented
varying 3, etc) which, unfortunately, have hardly been used nere, since their appearance in the temperature range correspondigg to
for studying thermally stimulated depolarization in Si MOS is physically obvious and has been discussed in detail elseviiee we

structures. If a single peak appears in the thermally stimu- have analyzed the more interesting intermediate cases in which holes make
L . ~ > a direct contribution to the thermally stimulated depolarization peaks.
lated depolarization curves, this may mean gt E;>T. IThe qualitative criteria for this regime are evident from Fig. 4 and the

Then, if Eg>Ep, the thermally stimulated depolarization corresponding text.

current is limited solely by the hole generation rate, which is

determined by the activation enerBy , while the amplitude  'E. I. Goldman, A. G. Zhdan, and G. V. Chucheva, Fiz. Tekh. Polupro-

of the current peak is doubled, since the loss of an ion from#oillr\}-?} tfnGSttﬂ?? [Slemi]czzguggog(liglfgg(1997)].

the interface takes place simultaneously with the arrival of a, . ' Bl)cudr;/) o J'p'g'Staé’g" 3. Appl. Phes, 042(1979.

hole, i.e., at the same time as the electron leaves in a direcs; g goudry and J. P. Stagg, J. Appl. Phg2, 885 (1981).

tion opposite to the displacement of a positive ion. In this 5T. Hino and K. Yamashita, J. Appl. Phy30, 4879(1979.

case, relaxation experiments cannot be used to determine thGéSig\gamashita, M. Iwamoto, and T. Hino, Jpn. J. Appl. Phg8, 1429

activation energy fo_r lon depOIarlzatlo,n' L 7I(E. I.]éol’dman, A. G. Zhdan, and A. M. Sumaroka, Fiz. Tekh. Polupro-
We have examined the case of discrete activation ener-yqogn, 26, 2048(1992 [Sov. Phys. Semicon@6, 1152 (1992)].

giesEq andE; for greater physical clarity, assuming that, in ®E. I. Go'dman and A. G. Zhdan, Mikroelektronikes, 3 (1994.

a polarized insulator, the ions and neutral associates are situ-Y U-IAS- Gotmkhovatsfiﬁ_“th- /_-\-t Bordfglsﬁi!Thedrm?"y Actic;/fgeoll gll;r

ated right at the interface. In reality, traps and, therefore, ions o' >PECTOSCOPY of Figh-resistance Semiconductors and DIElebmes

and neutral associates, can be distributed over the volume of?,“é?'é?;n'ﬁn?,‘;"sagﬁifoﬁ 1,\;)2:? ’ppﬁyz;l?:\;ev_883865(1973‘

the insulator near its interface with the semiconduttdr. D.J. DiMaria, J. Appl. Phys52, 7251(1981).

The thermally stimulated depolarization peaks will then be'“W. Tomaszewiez, J. Rybicki, and P. Grygiel, J. Non-Cryst. Sclifi; 84

broadened because of the probability distribution for (1999,

electron-ion tunneling exchange between the semiconductaranslated by D. H. McNeill
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Selective doping in hydride epitaxy and the electrical properties of quantum-well
Ge/GeSi:B heterostructures
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The transport properties of different groups of charge carriers in the conducting channels of
periodic Ge—Geg_,Si, heterosystems grown by hydride epitaxy on germanium are studied as
functions of the structural parameters. The results are used to discuss the problem of
selective doping of nanometer layers during hydride epitaxy.199 American Institute of
Physics[S1063-78289)01203-X

Stressed quantum-well heterocompositions based on thbese structures. In this regard, the clarification of all, includ-
elementary semiconductors Si and Ge and their solid solung the not particularly attractive, features of heterostructures
tions are of great interest because of their possible use igrown by gaseous phase techniques, along with their causes,
modern silicon electronic devices. Especially noteworthyis an important aspect of the development and improvement
progress has been observed in microelectronics, where com# the technology.
paratively recently Ge-Si heterostructures grown by Based on previously published studies, including some
molecular-beam epitaxyMBE) have been used to create by electrical methods, in an earlier paffewe showed what
high-speed heterobipolar transistofsvith switching times ~ kind of limits may be imposed on studies of the electron-hole
close to those for the best GaAs devices. There is also sonstates in layers of Ge/Ge,Si, structures grown by hydride
interest in the possibility of creating field-effect transistorsepitaxy as a result of the spreading of the compositional pro-
with high electron and hole mobilities based on selectivelyfile over the superlattice period. Our purpose in this study
doped n-type Si/Sj_,Ge, heterostructures with a two- was to investigate the dependence of the hole mobility in the
dimensional charge carrier gas in the transport channels. Adse layers of these heterostructures on the impurity concen-
vances in this area with-type Si/Sj_,Gg, heterostructures tration level in the barrier layers and to estimate the degree
have been discussed by Kuznetseival® An attempt has of spreading of a selectively dope#layer over the super-
been made to obtain the maximum hole mobility for lattice period. Experimental Hall effect studies were carried
germanium-silicon compositions based on a Ge/Sbg,  out on samples of selectively boron-doped superlattices
system with the possibility of creating a field-effect transistor(Ge/Gg _,Sis: B) grown by hydride epitaxy at atmospheric
with two-dimensional hole$. pressuré- % The maximum concentration of boron atoms in

In the last decade considerable effort has been expendébe solid solution layers was varied over'1610' cm™2.
in studying the transport properties, subject to the quantunfables | and Il list the parameters of the structures: the Si
Hall effect, of two dimensional holes in selectively dopedcontent in the layersx), the superlattice perioddg,) and
Ge/Gg_,Si, heterosystems grown on germanium. Studiesiumber of periodsN), the Hall mobility (xy), and the sur-
are currently under way in the far infrared on the microwaveface concentrationp). The experimental results are com-
properties of these structures when the charge carrier gas figred with the results of a theoretical analysis.
heated by a pulsed electric field® The efforts in this area The theoretical analysis includes a calculation of the
aimed at creating thin-flm lasers based on hot, two-
dimensional holes require more attention to the transpo

% ' .
. . . . ABLE |. Structural parameters of the first series.
characteristics of systems in low fields in order to understan P

the details of the current flow channels and to refine ousample X, N ds, s CMRIV-9) Pe.
understanding of the scattering of charge carriers in them. number at.% nm 1=77K) 100 cm2
Op the other.hand, until now hydrlde epitaxy at atmo-7 6.0 2 455 15000 8.4
spheric pressure in a reactbhas mainly been used to grow ;g7 74 72 53 20580 79
Gel/Gg _,Si, structures. For a number of objective reasons;1263 7.0 72 70 14160 14.5
this method does not allow fabrication of structures with al264 10 81 39 10670 12.2
sharp compositional profilThe spreading out of the het- 1;22 g-g 2411 ‘5‘3-5 19155%% gg
erOJu_n_ctlons in this system is as large as 3-4 ﬁ)nThe 1274 8.0 81 59.5 10490 39
transition from MLE to gaseous phase epitaxy techniques ig,75 6.5 81 57 8090 44

a necessary step on the way to industrial manufacture at

1063-7826/99/33(3)/5/$15.00 313 © 1999 American Institute of Physics
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TABLE Il. Structural parameters of the second series. ok 1 a
Sample X, N ds. , wy, ctl(V-s) Ps. ?
number at.% nm 1=77K) 10 cm2 -20
1121 35 1 45 2330 30.7 |
1122 35 5 45 5360 4.31 N
1123 3.9 15 41.6 7480 234 S 40 Ge GeSi
1124 47 27 40.3 7840 25 -
1125 4.8 35 36.5 8830 2.3 & i
S -60} 3
‘“ -
| | | | -0 Z
concentrations of the different charge carrier groups in the X 1
conducting channels of the superlattice period including the | - 7 ,
shape of the potential, followed by a calculation of their e 0 5
mobilities. The shape of the potentig(x) was calculated z, nm
over the period of the structure by numerically solving the
Poisson equation for sharp heterojunctions in the system, of b
d2¢: 4me[ Er—Eg—ed - ="Z
d2 & | O °° kT -10F
edp—Eg ep—Ep -
_NliFo.s(T)_NhiFo.s(T +Naj (- > -20-
Ge GeSi
(1) K
Here Fy5(e¢) is the Fermi integralEr is the Fermi con- §’ ~30F
stant,N; is the density of states of the electrons in tife S i
layer of the conduction ban®y;; andN,,; are the densities of 2
states of the lighfl) and heavy(H) holes in the valence band 4o ﬁ
of theith layer, and\,; is the acceptor concentration in the -
ith layer. The splitting of the hole subbands in the germa- -50 , ) \ ) , | , .
nium layers was estimated using the method described by =10 -5 0 5 - 1
Orlov et al!? The characteristic shape of the potential over Z, nm

the period of the structure is plotted in Fig. 1 as a function of;;5 1 1he shape of the potential over a period of the superlattige.
the dopant impurity concentration for samples from the firsicalculation for the samples from Table | for=77 K andN,(GeSj (10
series(Table ) and at two temperatures for sample 1125cm™3): 1 (1), 3(2), 6 (3); (b) calculation for sample 1125 from Table Il at
from the second serigdable I). T=4 K (2) and 200 K(1)

The hole concentrationg, ,, in the individual layers
were determined by integrating over the thicknds®f the

ith layer of the heterostructure, poj=(5.166x 104)/(Ng(T/300)62° %)
, is the component associated with scattering on the ionized
p:,h:(]-/di)Jd Pin(2)dz. (2)  impurity (the Brooks—Herring formuja*

— a3 3

The calculated variations in the concentrations of the i~ & Mi/20{n™No ©
different kinds of holes with the doping level in the layers is the component associated with scattering on neutral impu-
are shown in Fig. 2a. The characteristic temperature depetiities with concentratioNo,* and
_den_ces of the hole_concentrations_ for sample 1125 are_shown = aT~0%x(1—x) %)
in Fig. 2b. A stepwise doping profile of the Ge and,G£5i,
layers is assumed. is the component associated with fluctuations in the

The mobilities of thejth group of holes in the layers of compositior:®
the structure were calculated, for simplicity, using the formu-  Attainment of the highest possible charge carrier mobili-
las ties in the system is, to a great extent, the basis of its possible

use in practical microelectronics devices.

=L Lpqj+ Upoj+ pgj+ L), 3 In a Ge/Ge_,Si, structure with ideally sharp changes in

where the compositional profile and in the concentration of the dop-
_ ant impurity, one might expect a substantial rise in the mo-

p1j = er/m; =200 my(Ge)/m;}(T/300 - ) bility oll?two—dimensional hoFI)es, both with the increase in the
is the component of the mobility associated with scatteringdepth of the quantum wells as the percent content of silicon
on acoustic and optical phonohs, in the solid solution layers is increasédand with the in-
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FIG. 2. Concentrations of heavy holes in layers of GSi, (1) and Ge(2)
and of light holes in Ge layers), calculated for samples in seriegTable Jub
1) as functions of the doping level of the GgSi, layers forT=77 K (a)
and for sample 1126Table Il) as a function of temperatui®).

3'211.0 1.5 12,0 12,5 13.0
crease in their concentration in the transport channels due to log (ps , cm~2)
screening of the background scattering centers and a reduc-
tion in their effective scattering cross section. FIG. 3. The hole mpbilityu in Ge_/Gq,XSiX structures as a_function of
.. . . concentration. Experimental dafpoints: (1) samples from series (Table

In the per|0d|c Ge/Gﬁ-XS& heterostructures under dis- 1), (2) samples from series @able 1l). Solid curvesi(a) experimental de-
cussion here, however, the experimentally observed depependence on the volume hole concentratprior bulk Gel® (b and ¢
dence of the Hall mobility of the holeg,,,, on their surface calculated at 77 and 4 K, respectively.
concentratiorps is different. Most often(Fig. 3) a drop in
the mobilities of the holes in the superlattice is observed as
their concentration in the germanium layers increases, aM, differs in the total number of periods in the superlattice. In
though throughout the doped region their mobility exceedshis case, the hole concentratipgin the superlattice varied
the hole mobility in the bulk germaniuifsolid curve in Fig. because of surface band bending. The hole concentration
3; Ref. 16. That the hole mobilities in Ge/Ge,Siy rose especially strongly when the number of superlattice pe-
superlatticeS’ and homogeneous germanitfhdecrease in  riods was reduced to unity, simultaneously sharply lowering
the same fashion suggests that scattering on impurity centetiie mobility of the holes in the channéFig. 39, perhaps
predominates in both cases. because of scattering on a random surface potential.

Figures 3b and 3c show our experimental data which  Studies in high magnetic fieldi§ of the transport prop-
illustrate the way the hole mobility depends on their totalerties of Ge/Gg ,Si, structures grown by hydride epitaxy
concentration in the conducting channel§at77 K (4.2 K)  show that, despite the spreading out of the profile, the holes
for the samples listed in Tables | and Il. The structures in theén these systems are two dimensional. Thus, the observed
first series(Table ) were grown under approximately the drop in hole mobility in the conducting channels of germa-
same conditions, and only a flux of diborane was used imium in a multilayer heterostructure as the dopant impurity
making them, which resulted in a different lew] of selec-  concentration is raised can be related both to a rise in the
tive doping. The second series of structures, listed in Tablaumber of heavy holes in the chann@8g. 23 (the Fermi
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5k a causing underdoping of the spacers and the Ge conducting
channels. A comparison of our data with the corresponding
curves observed in uniformly doped germanium single crys-
tals (Fig. 33 indicates that the background impurity concen-
t, tration level in the Ge layers is roughly an order of magni-
e U E\ + tude lower than the concentration of free holes in them,
lower than the concentration of the dopant impurity in the
ox Ge,_,Siy layen. Therefore, the characteristic magnitude of
* the spread of the impurity over the period of the structure
(the distance over which the doping level drops by a factor of
3) is roughly 3-4 nm(the spacer thicknegsin agreement
with an earlier estimaté of the spread of silicon.
2 : 1'0 ' Z|0 ’ Allowance for this factor, along with the calculated con-
‘Iog(T., K) centrations of the various groups of holes, makes it possible
to compute a temperature depende(f€ig. 43 of the mobil-
ity, consistent with the experimental data, and to evaluate the
contributions of the different scattering mechanisms over the
601 b entire temperature range that was studied. A numerical simu-
lation for a large number of samples showed that at low
- temperatures the scattering of holes in the germanium layers
is the main factor limiting their mobility.
\ In conclusion, we note the temperature dependence of
Y s Y the conductivity at low temperatures. It is clear that here it
- / \ has a distinct maximum. The rise in the conductivitlyT) in
/ \ the initial segment is related to the increased mobility of the
, light holes due to a reduction in the role of impurity scatter-
P \ ing (Fig. 43. The drop at higher temperatures is caused by a
- N redistribution of the charge carriers among the subbands in
o 3 ;\ the germanium layefthe concentration of heavy holes in the
o ——s—t—p-p—oo0o-0b8— upper subband increases; see Fig. &ince at temperatures
: i . L below 50 K the lattice separation is unimportant, the lattice
0 1.0 2.0 temperatureT in Fig. 4b can be replaced by the electron
log (T, K) temperaturel ., which is proportional to the effective elec-
FIG. 4. Calculated temperature dependences of the mojailitg) and con- tric field E. We can then consider this curve as the current-
ductivity o (b). Calculations for(1) heavy holes in Gg ,Si, layers, (2) voltage characteristic of the structure and the mechanisms
heavy holes in Ge layers, ari@) light holes in Ge layers; the dashed curve responsible for its shape account for the oscillations in the rf
Is the sum for all carrier groups4) experiment. current observed experimentally by Aleshkinal 18
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Photoluminescence and transport properties of multilayer InAs/GaAs structures
with quantum dots
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The transport and optical properties of InAs/GaAs structures with quantum dots on a vicinal
surface have been investigated as a function of InAs content. It was found that the quantum dots
form two-dimensional hole or electron layers, from which the Shubnikov—de Haas effect

was observed. The temperature dependence of the resistance was measurgtilio] e[ 110]
directions in the temperature range 4.2—300K, and the anisotropy of the conductivity was

found. Strong localization occurs when electrons are trapped in InAs dots. The spectra of in-
plane photoluminescence showed strong polarization of the quantum-dot radiation.

© 1999 American Institute of Physids$51063-782609)01303-4

1. INTRODUCTION [110] and[110] directions and on samples in the form of
The properties of electrons in one-dimensional structure§ouble Hall bridges of two different orientations. The tem-
(quantum filamentsand zero-dimensional structuréguan-  Perature dependences of the resistance were measured in the
tum dot$ are attracting great interest because of possibléémperature range 1.6-300K, and the Shubnikov—de Haas

applications;? and because interesting fundamental prob-effeéct, the magnetoresistana@(B), and the Hall coefficient
lems are associated with théifiAn effective means of ob- Rn were measured in magnetic fielsup to 10T, created
taining quantum dots, in which the electron and hole motiorPy & superconducting solenoid.

is quantized along all three directions, is to allow homoge-

neous islands of InAs to be formed by elastic stresses in the
process of heteroepitaxial growth on a GaAs surfaéahe 3. RESULTS OF THE MEASUREMENTS AND DISCUSSION
optical properties of such structures with quantum dots ar@.1. Optical properties of the structures

being studied extensively because they can be used in

. ’2 .
devices'? The transport properties of these structures hav?rom the maximum of the photoluminescence spectrum, us-

been less thoroughly studied. In this paper we present thﬁ1g the theory developed in Refs. 3 and 8. The photolumi-
results of an experimental study of the IOW't('}mloeraturenescence spectra in these papers were calculated for an

g}npty isolated dot. In the test samples, the states at the dots
were filled with charge carriers, and therefore the quoted
sizes are only a rough estimate. The interaction of adjacent
dots can be reduced to the broadening of the levels and the
The structures were grown by organometallic—hydrideformation of a two-dimensional zone. In the tight-binding
epitaxy at temperatures in the range 600-650°C in amnodel, the broadening equaldl®, whereN is the number of
atmospheric-pressure reactor from trimethyl indium, trim-nearest neighborsg= [ ¢* (r+h)V(r)¢(r)dr is the overlap
ethyl gallium, and arsenic on semi-insulating GaAs sub-integral, ¢ is the electron(hole) wave function of a single
strates inclined at an angle of 3° from #@1) plane toward quantum dot, and is a translation vectd® To estimate
the [110] direction. The samples contained from ten tooverlap integral, V(r) can be replaced with the value of the
twenty layers of InAs quantum dots, separated by GaAs barmiscontinuity of the conduction bandlE, for electrons and
riers 0.1um thick. Then-type samples were not especially of the valence bandE, for holes. For two tangential bases
doped, and the-type samples contained a delta-layer of car-of the quantum dots, the overlap of the electron wave func-
bon in the barriers. The thickness of the spacer was 5—6 nntions is less than 2%, and that of the hole wave functions is
The structures were covered from above by a GaAs layer 0.1ess than 1.5%. The overlap integral is thus less than
pm thick. Certain parameters of the samples are shown i0.02AE, for electrons and less than 0.Q45,, for holes. The
Table I. The quantum dots begin to form when the amount ofevel broadenings are hence 138 meV for electrons and
InAs on the growth surface exceeds 0.8 of a monolayigre 30 meV for holes; i.e., the maximum of the photolumines-
photoluminescence spectra were measured at temperaturgance spectrum does not shift by more than 90 meV, which is
T=300 and 77K with excitation by a He—Ne laser. The comparable to the experimentally observed value. The shift
excitation level was 18 photon/cmisec. The transport mea- of photoluminescence spectra is even less because of the
surements were made on square samples with sides along tBeulomb interaction, since the electron and hole levels shift

The size of the quantum dots, 5—7 nm, was determined

along the plane of layers of InAs/GaAs quantum dots.

2. MEASUREMENT PROCEDURE AND SAMPLES

1063-7826/99/33(3)/5/$15.00 318 © 1999 American Institute of Physics
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TABLE |. Parameters of the samples.

Sample Type of Np v max Quantity of Nob, P, pilp) ny, Ngy,
number conductivity eV InAs in the layer, ML them2 Q/0 10t cem2 10 cem2
1 12 1.38 2.35 7.4 - 0.58

2 p 10 1.36 25 6.8 1270 2.18 2.7

3 20 1.34 4.6 30 954 24 2.6

4 10 1.415 2.25 10 1057 1.19 5.3 4.8
5 20 1.345 4.3 39 41000 15 0.30

6 12 1.41 21 8.3 8290 1.89 0.36

7 n 10 1.37 3.0 10 2120 6.87 1.08 1.9
8 10 1.41 24 9.5 385 2.08 1.20 15
9 15 1.28 4.7 11 7800 5.3 1.60 2.2
10 10 1.38 2.3 7.3 574 3.42 191 2.6

Note N, is the number of periods in the structurés;,, is the energy of the maximum in the photoluminescence spectrirs-a7 K, ML=0.325 nm is

the thickness of a monolayer of InA,y, is the concentration of quantum dots per layer,andp; are the resistivities in thgl 10] and[lTO] directions at
T=4.2K; ny is the Hall concentration of current carriers per lay®y, is the concentration of current carriers, determined from the Shubnikov—-de Haas
effect.

in the same direction in doped structures. The estimate of thie right-hand side of the peaks is proportional to
size of the quantum dots made at the beginning of the paraexp(—hw/kT), which corresponds to a Boltzmann distribu-
graph is thus quite acceptable. The same size of the quantution. The half-width of the photoluminescence spectra,
dots and their ordering along the terraces are obtained on tr@mounting to 20—60 meV, is evidence that the sizes of the
test structures by directly measuring them with a tunnelingquantum dots are scattered and it is independent of tempera-
atomic-force microscop®.

The width of a terrace on a vicinal surface with a disori-
entation angle of 3° is theoreticalty=5.6 nm in the case of
GaAs. In practice, there is a distribution over width which a 1710)
was studied in Refs. 11 and 12 as a function of the disorien
tation angle. There are always larger terraces in the sample
and this causes quantum dots with a size greater than tt
theoretical value ofl to appear.

Figure 1la shows the setup for measuring the photolumi
nescence. To compare the radiation of the quantum dots wit laser beam
that of a quantum well, an §nGa, As quantum well with a
width W=5 nm was added to one of the samples. The pho
toluminescence spectrum of this sample is shown in Fig. 1k
As can be seen from the figure, the radiation of the quantur
dots and that of the quantum wells are well separated. N
polarization of the photoluminescence from the quanturnr 00 -
well is observed, whereas the photoluminescence of the lay¢
of quantum dots is strongly polarized in the plane of the
structures(no photoluminescence polarization is observedg
from an individual quantum dpt This fact is unexpected, "3
since recombination with the participation of heavy holeif
states, giving radiation polarized in the plane of the structure§
is identically inherent to quantum wells and quantum dots 3
The observed phenomenon can probably be explained by tt™
difference in the degrees of mixing of the heavy hole state:
at the heteroboundaries in layers with a different
structuret®4 0 , , , , , .

Figure 2 shows the photoluminescence spectra at 77| 1.20 1.30 1.40 1.50
for p-type samples 1, 2, and &ig. 29, and for n-type hv, eV
,Sampl,es 7,9, and, 1O:|g_' Zb?' The solid curves show the. FIG. 1. (a) Layout for measuring the photoluminescence speéadepen-
intensity of the emitted light in the plane of the structures iNgence of photoluminescence intensify at T=77 K on photon energpv
the [110] direction with polarizationE L [001], and the in a structure with a quantum well JgGa, gAs with width W=5 nm and a
dashed curves show the intensity of the emitted light in thaayer of quantum dots with an effective thickness of three InAs monolayers.

. . . . . . o The solid curve shows the light intensity in the10] direction with polar-
same direction but with pOIanzatICE“[OOl]' The |Ight emit izationE 1. [001], and the dashed curve shows thatEgf 001]. The arrows

ted in the[001] direction is not polarizedthe dot—dashed ipgicate the emission energies of the quantum @0®) and quantum well
curve for sample P The photoluminescence intensity on (QW).

[110]
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The structures were also studied by means of x-ray dif-
fraction, and data for the amount of indium in the layer of
quantum dots were obtainéskee Table)l The concentration
of quantum dots is estimated &6.8—30)x 10'*cm 2 for
various samples. For such concentrations of the quantum
dots, the distance between them is comparable with the size
of a quantum dot, and the size of the quantum dots in turn is
close to the width of a step on the disoriented substrate.

100

10

[Fl , arb. units

3.2. Transport properties of the structures

All the samples can be divided into two groups, depend-
b ing on the current-carrier concentration at room temperature,
obtained from the Hall effect in weak fields. In samples with
a hole concentration less than 8.60'*cm™2 at room tem-
perature or with an electron concentration less than
0.3x 10 cm™?, the resistance increased by several orders of
magnitude as the temperature was lowered, and they became
nonconducting(samplesl and 5) even at liquid-nitrogen
temperature. There is thus a critical concentration at room
temperature less than #@m~2, below which all the urrent
carriers are localized as temperature decreases bttyjme
samples and im-type samples. This concentration does not

My ATy correlate with the concentration of quantum destse Table

By, eV I), since the localization occurs not only in quantum dots but

also in a larger-scale potential well, as will be seen from the
FIG. 2. Photoluminescence spectra at 77 K far p-type samples(b) subsequent results.

n-type samples. The solid curves show the light intensity emitted in the | | ith a | initial hol lect
[110] direction, with polarizatiorE L [ 001], and the dashed curves show that n sampies with a larger Iniual hole or electron concen-

with E||[[001]. The light emitted in th§001] direction is not polarizedthe  tration, resistancep decreases as temperature decreases to

dot-dashed curve for samplg. Ihe numbers on the curves correspond to about 50 K and then increases, as shown in Fig. 3 for sample

the sample numbers in Table I. 6. Measurements of resistangeshowed anisotropy in both
types of samples, depending on temperafure is a factor

ture in the range 77—300K for all samples other than sampléf 3—12 greater in th¢110] direction than in th¢ 110] di-

1. In sample 1, the half-width increases with increasing temfection; this can be explained by the formation of quantum
perature. This behavior is probably attributable to the factots into chains in th§110] direction along the steps. The
that all the zero-dimensional electron states in it are filledormation of chains of InAs quantum dots on a faceted GaAs
because of high carrier concentration. The resulting energiesurface was observed by means of a tunnelling microscope in
of the photoluminescence peaks equal 1.34-1.41 eV for theuch structures in Ref. 15. The temperature dependences of
p-type samples and 1.28-1.41 eV for thype samples. the resistance of sample 6 in th&l0] direction (curve 1)

100

0+

Iy, arb. units

o [e]
i £S 54k oo ° ° °° fs
"Tlp o
[+]
. - i
Lo G 52t
3 r_z o3 & -
— B 2
4 o0 = sor oo ° ° 46
o] - o F o 0 ° . .
~ A o o - FIG. 3. Temperature dependences of resistancia the[110]
= s 4 Bf . . L \ ; ] & direction(curvel), pj in the[110] direction(2), and resistance
oy 2r s ° 0.5 06 0.7 0.8 g anisotropyp, /p (3) for sample 6. The inset shows the depen-
o N °s 72 R dence of the resistange on 1/T*2 for sample 4, measured
s o ’ along[110] (1) and along{ 110] (2).
b1 % . 4
71 AA ° o AD B
N [o) N a
L AAAAAAAAA 286AAAA i
S %9 g
ol< MAAAAAA NS vavVV | o o o'o 00 o
g 100 200 Joo

7, K



Semiconductors 33 (3), March 1999 Kulbachinskii et al. 321

and in the 110] direction(curve2) are shown in Fig. 3. The 2000+ a
same figure shows the temperature dependence of the resis- W
tance anisotropycurve 3). Starting from these results, it can P e{“”‘a
be assumed that the dots were aligned along the steps in the N

test samples. In this case, the resistance across the steps will - o4

i L 1 1 1
be greater than the resistance along the steps. Such resistance .~ 20 - 0 10 20 gﬂd‘*” 50 60 70
» deg

anisotropy was observed in GaAs structures delta-doped with
tin on the vicinal surfacé®-*®where the tin was distributed
predominantly along the steps because of segregation, caus-
ing the conductivity to be anisotropic. It is possible that the
dots are located not at the center of the terraces but adhere to ooy
the edges of the steps, as is experimentally observed for Ge o 20 %0 60 680 100
dots on the vicinal surface of GaAS.

In the temperature region k6I<4.2K, the depen-

500

dence of the logarithm qf is approximately linear iff ~ %2, 1r b 7 45000
As an example, the inset in Fig. 3 shows the logarithm of the /— 40000
resistance v3§ ~ 2, measured in two directions, for sample 4. > | 35000
These experimental facts are evidence that the current carri- 0751 _-' s
ers are localized® The conductivity for interacting two- « : ;‘ 7| 50000
dimensional electrons g~ exp(—To/T)Y% From the ex- N | v S a0 o
perimental data, we hav@,=0.3K for sample4 and < s ,\/ 20000 &
To=3.7K for sample 2. Such localization is possible when QE’ s {15000 =
electrons are trapped by potential-energy fluctuations that ap- 0.25F N 1 10000
pear as the structures grow. Ry

Negative magnetoresistance was observed in weak mag- \/ 199
netic fields for all the samples at liquid-helium temperature. ‘70' 2 zl,‘ :s é', 100
The magnetic-field dependence of the negative magnetore- B(T)

sistance varied from quadratic to logarithmic. The absolute - _
value of the negative maanetoresistance in weak fields i FIG. 4. Quantum oscillations of the magnetoresistamgeof sample 7 at
9 9 nT= 1.6 K (a) and the quantum Hall effect in sample 10Tat 4.2 K (b). The

creases as the temperature decreases from 4.2 to 1.6 K. Tiget shows the dependence of the ratio of the magneticBigttbrrespond-
negative magnetoresistance with its characteristic deperrg to one of the maxima of the oscillations in a perpendicular field to the
dence on magnetic field and temperature can be explained Wgnetic fieldB, correspoqding to th_e same m‘aximum ina tiIteq magnetic
quantum corrections to the Conductivity for the two- flel_d vs the anglef of t_he tilt of the field dlrecthn from the vertical. The

. . 22 points show the experimental data, and the solid curve shows cos
dimensional cas#&"

Quantum oscillations of the magnetoresistance are ob-

served in stronger magnetic fields. Figure 4a shows as agharp increase of the resistance was observed in strong mag-
example the magnetoresistance oscillations in sample 7 @etic fields. The resistance in a fixed magnetic field in-
T=1.6K. The variation of the oscillation frequency in an creasedproportionally t& 2 as temperature decreased. As

oblique magnetic fieldsee the inset in Fig. 4showed that  an example, Fig. 5 shows the magnetic-field dependences of
the oscillations are determined by two-dimensional current

carriers formed by a layer of quantum dots incorporated into
the growing layer of GaAs. This is also evidenced by the 0

=
observation of the quantum Hall effect in the test structures E 110
(Fig. 4b. The presence of two-dimensional electrons can be :’:105
explained by the overlap of the electronic wave functions re
from separate quantum dots, since the density of the dots is - 5100
high in the test samples. The oscillation amplitude increases [ 98 TR E 75

R, 2

as temperature decreases from 4.2 to 1.6 K. The period of the

Shubnikov—de Haas oscillations can be used to compute the %

concentrations of the two-dimensional current carriers,

which are somewhat greater than the Hall concentrations cal-

culated for one layefsee Table ). The concentrations of

current carriers calculated for one layer are less than the ' .

estimated concentration of quantum dots. 0.0 2.0 4.0 6.0
The magnetoresistance in strong magnetic fields is dif- 8,7

,fe,r,ent forp-type andh-type ngples. !nn-type Samples’,aﬂ?r FIG. 5. Magnetoresistance of sample 6 at two temperafiyrés 4.2 (a) and

initial negative magnetoresistance in weak magnetic fields 7 ). The inset shows the logarithm of the resistancav¥2 in a fixed

and Shubnikov—de Haas oscillations in intermediate fields, aagnetic field o8=6 T.

T-7/2) K"
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The results of a comparative study of the optical absorption and photoluminescence in layers of
porous silicon, silicon oxide&SiO and SiQ), and powdered silicon are presented. It is

found that the position of the absorption-band edge, determined from the data of photoacoustic
spectroscopy and from photoluminescence spectra, correlates with the degree of oxidation

of the silicon. Differences are detected in the frequency dependences of the photoacoustic signal
for the porous silicon samples, depending on the quantum energy of the exciting light.

© 1999 American Institute of PhysidsS1063-782809)01403-9

INTRODUCTION 80%. Visually the porous silicon was a mirror-smooth, uni-
formly colored film on the surface of the silicon wafer.

Despite the large number of publicatiofsee, for ex- We also used powdered $99.99%, produced by the

ample, the review article by Gullist all) dealing with po- . . . 0 .
rous silicon(PS, the question of the nature of its optical firm -Chemica), SiO (99.9%, produced by Nacalal Tesque

properties is still imortant because of the extremely compleinc')' and SiQ (99.995%, produced by Aldrich Chemical
structure of this material. Since porous silicon is character- 0). )

ized by an enormous inner surfddep to 600 M/cn®), its The. photolgm!nescence was mgasured at room tempera-
optical properties depend not only on the parameters of thi/ré, With excitation by the radiation of a He-Ne laser
nanostructures but also on the composition of their surfacé833 M, using a Renishaw spectrometer.

coating®=® In this connection, it is very important to deter-  AS Was already pointed out, the photroacoutfé,) ef-

mine the role of the various oxides that enter into the comfect was used to obtain the optical absorption spectra; this
position of this material. We have accordingly conducted efauses a PA signal to appear with an amplitude proportional
comparative study of the optical absorption and photolumito the absorption coefficient of the lightA fundamental
nescencdPL) in samples of porous silicon films and pow- feature of this method, which makes it especially effective
dered Si, SiO, and SiQHere the light absorption was stud- for studying porous layers, is that it makes it possible to
ied by a method based on the photoacouéfi®) effect, obtain the absorption spectrum without separating the
which has demonstrated that it is highly effective for porousporous-silicon film from the opaque silicon substrate. A
and powdered materiafs® modernized PA spectrometer made by Princeton Applied Re-
search Corp(Model 6002 was used for the measurements.
They were made at room temperature in the spectral range
EXPERIMENTAL PROCEDURE from 200 to 1500 nm, with a step of 2nm. A mechanical

In this study we have investigated layers of porous sili-ntérrupter was used to modulate the light beam in the fre-
con formed on the surface of single-crystatype silicon — duency range from 20 to 5000 Hz. To allow for the spectral
wafers with a resistivity of 10)-cm and a surface orienta- distribution of the radiation of the light sour¢a superhigh-
tion of (100. An anodization process in an HB0%):  Pressure xenon lamp with a grating monochromattre
C,HsOH=1:1 solution with a current density of spectral dependences of the PA signal amplitude, recorded at
30 mA/cn? for 5min was used to obtain the porous silicon. the chosen modulation frequency of the light, were normal-
After electrochemical processing, the samples were rinsed iized to the PA spectrum obtained at the same frequency for a
ethanol and dried in air. The measurements were made aftéample of carbon black. The absorption spectrum of the lat-
holding the samples in air for several weeks. The thicknester can be considered to coincide with that of an absolute
of the porous layer, measured with an optical microscope ohlackbody?

a transversely sheared surface, was aboutrb5The poros- Bearing in mind that the logarithm of the PA signal am-
ity, determined by gravimetric measurements, was abouplitude depends linearly on the logarithm of the modulation

1063-7826/99/33(3)/4/$15.00 323 © 1999 American Institute of Physics
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FIG. 1. Photoluminescence spectig (\) for porous silicon(1) and the

oxide SiO(2), along with the spectrum of silicon dioxide Si8), recorded  FIG. 2. Spectral dependences of the PA signal amplitdé\) for porous
under the same conditions. silicon (1) and the oxides Si@2) and SiG (3), as well as for powdered Si
(4), recorded with the light modulated at 90 Hz.

frequency with high accuracy for carbon bldthhe fre-

guency characteristics were determined for the recordin%h h terial. Such defects eith implv “heal
system, including a sensitive microphone and suitable ampli- e”amorp ous material. such detects eriner simply “hea
,” or the corresponding energy transitions shift toward

fiers. The frequency characteristics thus obtained were us%lgher energies with further oxidation of the silicon and for-

g)mr;)?irtrc? (l,lZoent?heeerﬁzzﬁgzgaairizﬂzzishces of the PA sign mation of SiQ. They consequently cannot be excited by the
633-nm radiation used in this project, as is evidenced by the
absence of appreciable PL for the Si€amples used here.
Figure 2 shows the spectral dependences of the PA sig-
Appreciable PL from all the test objects was recordednal amplitudel p5()\), recorded at the light-modulation fre-
for layers of PS and for the oxide SiO. The correspondingquency of 90 Hz. The significant difference in the PA signal
spectra are shown in Fig. 1, along with the spectrum reamplitude for the powdered samples and the thin films of PS
corded for SiQ powder. The maximum PL intensity was at is explained by the mechanism of the PA effect. As a result,
about 730 nm for PS and about 770 nm for SiO. Moreoverthe main contribution td 5 comes from the energy of the
there is a relatively weak line in the region of 650 nm in thelight absorbed at a depth approximately equal to the thermal
spectrum of the SiO powdéFig. 1, curve2); this is the 480-  diffusion lengthu=[2k/(27vpC)]*2, wherek is the ther-
cm ! Raman line characteristic ofi-90-Si bonds and of mal conductivity,C is the specific heatp is the density of
Si—Si bonds in amorphous silicdnA line with a similar  the test material, and is the modulation frequency. For the
spectral position was also recorded for the SgOwder(Fig.  powdered materials, the thermal diffusion length at low
1, curve3). modulation frequencies undoubtedly exceeds the absorption
The similarity of the PL spectra for the PS layers and thedepth of the light, while the thickness of the sample, which
SiO samples, in our opinion, is evidence that the opticahere is determined by the thickness of the layer of powder in
properties of these materials are interrelated. For exampl¢he measurement cell and was about 2 mm in our experi-
this can be because silicon clusters of nanometer dimensiomsents, exceeds the thermal diffusion length. In the PS, the
are present in both materials. Such clusters, as is wefilm thickness at the same frequencies is significantly less
known! are characteristic of high-porosity PS. For the SiOthan thermal diffusion length, and this appreciably reduces
samples, the silicon clusters can most likely be associatetthe PA signal amplitude. For the same reason, the spectra of
with regions of disturbed stoichiometry. Such regions can behe PS(Fig. 2, curvel) contains two characteristic spectral
regarded as defect-localization sites in the mobility gap offeatures, one of which, in the region of 750 nm, corresponds

RESULTS AND DISCUSSION
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FIG. 3. Spectral dependences of the PA signal amplitygdé\) for porous
silicon (1) and the oxides Si@2) and SiQ (3), as well as for powdered Si
(4), recorded with the light modulated at 1.5 kHz.

FIG. 4. Frequency dependence of the PA signal amplitude for porous silicon
in log—log coordinates, excited by light with wavelength 900 ffth and
300 nm(2). The dotted lines show the dependemgg~1/v.

to the edge of the absorption band in the porous layer, whileomparable to the size of the powder particles, and this re-
the other, at about 1100 nm, corresponds to the fundamentdlices the number of faces through which the light passes and
absorption edge in single-crystal silicon. is then scattered.

The spectral behavior of thig:5(\) dependence for Si, A certain increase in the PA signal amplitude for PS in
SiO, and SiQ powders corresponds to the well-known ab-the UV region should be pointed out. This occurs apparently
sorption spectra of these materidlsyith the exception of because the porous film contains oxides of the type of, SiO
the appreciable reduction in amplitude of the PA signal forwith x~2. Such a possibility has been repeatedly noted in
Si and SiO in the visible region as the wavelength decreasethe literature(see, for example, Refs. 3%5 comparison of
This feature of the PA spectra can be caused by the signifthe 15,(\) spectra obtained for PS at different modulation
cant scattering of light when it propagates in a powderedrequencies suggests that the distribution of the various sili-
material. The efficiency of such scattering increases as theon oxides over the film thickness is inhomogeneous and that
wavelength decreases, and also as a consequence of the the film composition near the surface is closer to Si
creased specular reflectance from the faces of the individu&uch a variation of the optical absorption over depth corre-
powder particles, analogous to that in diamond powdlers. lates with the PL properties of PS, for which direct measure-

The above considerations are confirmed by the shape ahents were used to establish a significant decrease of the
the spectral dependenchs,(\) obtained for the same ma- quantum efficiency with distance from the outer surface of
terials at a higher modulation frequeney500 Ha (see Fig. the PS film!!

3). First, because the ratio of the PS film thickness to the  The dependence of the PA signal on the modulation fre-
thermal diffusion length changes, the relative amplitude ofjuency mentioned above makes it possible to determine one
the PA signal increases. The spectral feature in the 1100-nwf the most important physical parameters of PS films—the
region caused by the single-crystal silicon substrate is absettiermal conductivitjk. We made a rough estimate lofn an

in the PA spectrum for P$curve 1). This means that the earlier paperon the basis of PA measurements. We stulied
thermal diffusion length does not exceed the thickness of then more detail the frequency dependence of the PA signal for
porous layer (1%m). There is a similar explanation for the PS, the results of which are presented in Fig. 4 in log—log
absence of an appreciable decrease of the PA signal ampbeordinates. For most cases encountered in practice, the PA
tude for the Si and SiO powders in the short-wavelengttsignal amplitude is inversely proportional to the modulation
region. For high frequencies, the thermal diffusion length isfrequency »,%® and this was recorded for all the powder
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samples of Si, SiO, SiDand for single-crystal silicon, re- various studies involving methods that cause the porous
gardless of the spectral content of the exciting light. Thelayer to be heated, as is the case, for example, in studying
same inversely proportional dependence on frequency wasaman scatterintf.
obtained for PS samples when we used IR radiation The data concerning optical absorption obtained by PA
(900 nm), which was transmitted through the porous layerspectroscopy and the results of our study of PL in samples of
and absorbed in the substrate cuvies Fig. 4). For shorter- PS and the oxides SiO and Si@hus show that there is a
wavelength radiatioi300 nm, which is efficiently absorbed definite correlation of the degree of oxidation of the silicon
in the PS film(curve 2 in Fig. 4), a linear behavior of the and the optical properties of the porous layer. It seems most
log(Ip) dependence on log) is observed in the initial sec- likely that both the silicon matrix and the oxide components
tion (in the low-frequency regionand for » greater than Of the surface coating are responsible for forming the absorp-
1 kHz. tion spectrum of PS. The luminescence properties of PS de-
As pointed out above, the PA signal amplitude is deterfend on various defects in the nonstoichiometric oxide,SiO
mined by the amount of heat given off as a result of the ~ One of the author¢A. N. Obraztsoy would like to ex-
absorption of light at a depth of the order of the thermalpress his appreciation to the International Matsumae Foun-
diffusion lengthu. Most of the UV radiation is absorbed in a dation for providing a stipend, because of which this work
thin film of PS, but, at low modulation frequencies, the heatwas possible. Another auth@v. Yu. Timoshenko wishes to
propagates into the depth of the crystal substrate, which hdank the Russian State Scientific—Technical Program “The
thermophysical parameters different from the PS and whiclphysics of solid-state nanostructures” for financial support
determines the value of the PA signal in this case. As th®f a part of this study.
modulation frequency increases, the thermal diffusion length
gradually decreases and evidently becomes comparable with(Al.gg.DGullis, L. T. Canham, and P. D. J. Calcott, J. Appl. PI8&.909
the thickness of the porous lay&5um) at a frequency of o _ 4 .
about 1kHz. A further increase of the frequency produces (ci.gg;@hn, A. Halimaouri, and R. Herino, Appl. Surf. Sa1/42 604

the linear dependence of Idgg) on log(v) characteristic of ~ 3N. E. Korsunskaya, T. V. Torchinskaya, B. R. Dzhumaev, B. M. Bulakh,

homogeneous materials. When IR radiation is used, the char-O. D. Smiyan, A. L. Kapitanchuk, and S. O. Antonov, Fiz. Tekh. Polu-

; ; provodn.30, 1507(1996 [Semiconductor80, 792(1996].
acter of the frequency dependence is determined by the ab4W. E. Carlos and S. M. Prokes, J. Vac. Soi. TechnolB1653(1995.

sorption depth of the light, for which the PS film is virtually s, Tamura, M. Rekschloss, T. Wirschem, and S. Velar Thin Solid
transparent. Films 255 92 (1995.
Starting from the known porosity of the PS of 80%, as ®A. RosencwaigPhotoacoustics and Photoacoustic Spectroscpiley

: & Sons, New York, 1980 p. 95.
well as from tabulated data for the densﬂy: 2.328 g/crﬁ "A. N. Obraztsov, H. Okushi, H. Watanabe, and V. Yu. Timoshenko, Fiz.

and the specific heat of silica@=0.7 J(g-K), we find that,  Tekn. Poluprovodn31, 629 (1997 [Semiconductor81, 531 (1997].
in accordance with the expression for the thermal diffusion®A. N. Obraztsov, I. Yu. Pavlovsky, T. Izumi, H. Okushi, and
length u, the thermal conductivity of the porous silicon is 9;‘- \LNaGtaEabe, A|0pli /'ihxéS- Q:_Mf;ter- SJCI.dPrch]eﬁ!ﬁL‘é:%0354(31?199723.3

~ . c . L. Gakeener and A. E. Geissberg, J. de Phys .
aboutk~1.2 W/(m K), which is somewhat greater than the 1014 R. Philipp, J. Phys. Chem. Soli@®, 1935(1971.
value we obtained in Ref. 7, because of the more accuratea. N. Obraztsov, V. A. Karavanski H. Okushi, and H. Watanabe,
method. This estimate does not allow for the inhomogeneity Poverkhnost’, No. 1, 641998.
of the PS in composition. The extremely low thermal Con-lZV- A Karave_mski and A. N. Obraztsov, Fiz. Tekh. Poluprovod®, 582
ductivity is of interest from the viewpoint of the practical use -9 [Semiconductor&9, 302(1995].

of PS, as well as for the correct interpretation of the data offranslated by W. J. Manthey
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The electrical and photoelectric properties of two types of sandwich structures are discussed:
Al/porous silicon/single-crystal siliconc¢Si)/Al with thin and thick layers of porous

silicon, obtained by chemical coloration etching without applying an electric field. It is established
that the properties of the structures with thin porous silicon layers are determined by the
porous-silicon€-Si heterojunction. Its properties are explained in terms of an energy-band
diagram of an isotypic heterojunction with opposite directions of band bending on the

two sides of the junction, caused by the appearance of local states at the boundary. The
photosensitivity of the structures with a thick porous silicon layer is determined by the
photoconductivity of the porous silicon. The maximum of the spectral dependence of the
photoconductivity of the porous silicon layers is at 400—500 nm. These results are compared with
those known for structures based on porous silicon obtained by anodizatioh999®

American Institute of Physics.

[S1063-782609)01503-3

INTRODUCTION sensitive Al/PSp-Si/Al structures in which the PS layers are
formed by coloration chemical etching without applying a
Porous silicor(P§ continues to attract attention becausefie|d. Our goal was to study the electrical and photoelectric
of its pOtential for Creating visible radiation sources and forproperties of such StructureS, to compare the results with
integrating photo- and microelectronics elements based ofhose for known structures based on PS obtained by anodiza-

silicon technology. Despite intensive studies of PS, becausgaon, and to analyze them in terms of accepted energy-band
of its complexity, even the mechanisms of visible photolu-diagrams of the structures.
minescencgPL) have not been definitively explained. The
photoelectric properties of PS have only begun to be
studied' 2% Photoelectric phenomena are also an effective> MPLES AND EXPERIMENTAL TECHNIQUE
means of studying electronic processes and of establishing Photosensitive sandwich-type M/RSSI/M structures
the energy-band diagrams of structures. In addition to the usean display the properties of the M/PS Schottky barrier, of
of PS for radiation sources, there is also interest in using ithe PS itself, and of the heterojuncti¢gHJ) PSk-Si. The
for photodetectors. approach that we used to overcome the complications asso-
Papers devoted to the study of the photoelectric propereiated with these properties in establishing the photosensitiv-
ties of PS have discussed the photoconducti(ft§) of free ity mechanism involved the use of a thin, low-resistance PS
layers of PS,the PC of the PS layers in M/PSSi/M struc-  layer, in which the bias is predominantly applied to the HJ
tures(M=metal andc-Si=single-crystal silicon’~*the fro-  and its properties are determined by the properties of the
zen(residual PC of PS Iayer§,the photodiode properties of structure, and the case of a thick, high-resistance PS layer, in
M/PS/c-SilM structure$;*®-16 their photovoltaic proper- which the external applied voltage predominantly falls on the
ties!’!® the photoelectromotive force and photoinducedPS and the properties of the structure are given by the PS
charge capture in P§;? and the position-sensitive photo- layer.
voltaic effect?”? Known photosensitive structures are usu-  Substrates ofp-type (100 Si with a resistivity of
ally sandwich-type M/PS-Si/M structures in which the PS 10 -cm served as the starting samples. They were dipped
layer, from several micrometers to about 108 thick, is  into an HF:HNQ:H,O=1:3:5 (by volume solution.
formed by electrochemical etching ofSi. Etching mecha- The reagents used were 49% HF and 70% HNThe etch-
nisms for anodization without the application of a field areing time was as much as 10—15 min, while the layer thick-
similar in principle, and PS layers obtained by these twonesses were less thamun (thin PS layers Thick PS layers
methods possess similar visible PL at room temperaturevere obtained by chemically etchingSi subjected to pre-
However, chemical coloration etching is simpler, does notiminary modification by pulses from a YAG laser operating
require the use of special apparatus, and is a less rough prim+ the free-lasing regiméwavelengthA =1.06um, energy
cess, which makes it possible to obtain thin PS laykrss  per pulseE;=0.3J, pulse width;=2x10"*sec)? The la-
than 1um thick) that are more homogeneous in thicknessser beam was focused by an SOK-1 optical unit and was
and have a smoother surfa&> In this paper we report the displaced over the surface of the silicon wafer using a given
results of an experimental study of the properties of photopattern. Since the etching rates of the laser-recrystallized sili-
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con exceeded those for unirradiated silicon, this allowed u:
to use not only a nonphotolithographic method to shape th
topology of the PS layers, but also to obtain thiokore than
1um) PS layers. A comparison of the PS layers was moni-
tored by additional processing, for example, dehydration, etc
When they were excited with nitrogen laser radiation,
the PS layers possessed visible PL with a maximum at 650w
750 nm. The maximum of the PL excitation spectrum was a
300nm. The PL relaxation spectra displayed fast, short
wavelength bands and slow, long-wavelength b&ids., -9
the PL properties of these layers are similar to those of P! 70
obtained by anodization. L
To form sandwich structures, an aluminum film was
sputtered onto the PS surface, with a contact area of aboi vV
1 mn?. An ohmic contact to the substrate was created by
baking the aluminum into thp-Si.
Measurements were made of the static |-V characteris
tics in the dark and in the light and the dynamic |-V char-
acteristics, as well as the spectral dependences of the sen 70
tivity of the structure when a reverse bias was applied and ir
the open-circuit regime. The 1-V characteristics were mea
sured on an automatic apparatus based on a Poisk-1.02 col
puter. The voltage across the sample was supplied from ~
V5-47 dc source having digital control, and was monitored 70
by a V5-34A digital voltmeter. The range of supplied volt- <t
ages was 0-30V, and the measured currents wer
5x 10 1'-1x 10 2A. The voltage was varied over a rising

- a
073

7075

077

and falling stepwise dependence with a step of 0.1V, with -9
various step width$0.1 and 10 seécand an interval between B
them of 200 ns. L 4 o L os 1
-0 -8 =6 —4 -2 0 2 4 6 & 10
u,v

RESULTS AND DISCUSSION

In structures with a low-resistance PS layer, the |-V
characteristics in the daffig. 1a, curvel) have a rectifying
character. The ratio of the currents in the forward and revers
directions for several volts of applied bias reaches abotit 10 07
The positive axis of the 1-V characteristiorward voltage
corresponds to positive bias applied to {#8i. A distinctly
expressed saturation is always observed on the revers 70
branch. An analysis of the forward branch reveals that the o
base resistance of the PS layer is sevefhbkd the nonide- ~" _,
ality factor for moderate biasesiis=2 - 3. Signs of a “soft” 70
breakdown of the HJ appear on the forward branch in a num
ber of samples: A small saturation section is followed by a 4,78
section with a sharp increase of the curr&ge the inset in
Fig. 19.

Under illumination, the |-V characteristi¢Fig. 1a, ~70
curve2) has a typical photodiode character. The ratio of the
currents in the lightabout 1x 10”2 W/cn¥) and in the dark
with a few volts of reverse bias is 2—3 orders of magnitude.
As the reverse bias is increased, the photocurrent increases
very slowly. The open-circuit voltage is 0.25-0.3V, and its
sign corresponds to depletion bending of the bands-8t. FIG. 1. The |-V characteristics of Al/P&/Si/Al structures: stati¢a) and

On the dynamic |-V characteristics, the forward (b), dynamic(c), with a thin PS layefa) and a thick PS layetb) and(c), in
branches d|3p|ay hysteresis |00‘me the inset in F|g 1[: the dark(l) 'ar?d in the Iight'(Z). The 'insets show the pranch of the |.—V
The 1=V characteristics measured as the voltage was Varieﬁaricterlsnc in the dark with a section of the saturation _and th_e region of
. . . . . . .., soft” breakdown (a), the branch of the |-V characteristic in the light with
in an increasing direction lie lower than those recorded with, section of the difi), and the dynamic 1-V characteristics for a structure
the voltage decreasing, which indicates the appearance @ifth a thin PS layexc).
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FIG. 3. Energy-band diagram of the PS/p-Si HJ1%?

r b disregards the appearance of an Al/PS Schottky barrier. Pre-
0.05k liminary measurements of the |-V characteristics of test
structures with various metal filmi#l, Cu, In, Au) deposited

on the thick and the thin PS layers displayed no dependence

0 of the parameters of the M/PS Schottky barrier on the type of

c metal. This occurs evidently because the Fermi level is
SN [ pinned as a result of the high density of surface electronic
~0.05 states. A similar character of the M/PS boundary was ob-

served in Ref. 15, where the sputtering of Ca, Mg, Sb, and
Au revealed that only the series resistance depended on the

~0.10 type of metal, with this dependence showing up at high bi-
L ) . . : L ! ases. The results of an analysis of the |-V characteristics and
400 600 800 7000 the voltage—capacitance characteristics of the structures al-

A,nm lowed Penget al® to ignore the band bending of the PS at

FIG. 2. (a) Spectral dependences of the sensitivity of AIIRSH/Al struc- the M/PS boundary. When photosensitive Al/B<3i/Al
tures with a thick'1) and a thin(2) PS layer.(b) Photoresponse spectrum of Structures were studied in Refs. 11 and 12, it was thus con-
a structure with a thin PS layer, measured in the open-circuit regime. sidered possible to regard the Al/PS contact as slightly rec-
tifying. However, rectifying properties of this contact were
detected in many papers on the charge-carrier transport and
slow capture centers for holes. No hysteresis is observed aglectroluminescence of PS-based structures and in some on
the reverse branches of the 1-V characteristics. their photoelectric properties. For example, in analyzing the
The spectral sensitivity characteristic has a maximum aturrent-conduction mechanism in an Al/RSBi/Al structure
about 900 nm(Fig. 2a, curve?) and is similar to the spectral in Ref. 28, they considered a model that included two barri-
sensitivity of Si photodiodes. This is evidence that the radiaers: the Al/PS contact barrier and the HJ, which were con-
tion is predominantly absorbed in theSi. The sensitivity nected facing each other, but for structures in which there
reaches about 0.1 A/W. As the transparency of the front aluwas no saturation on the reverse branch of the |-V charac-
minum contact increases, the quantum yield at the maximurteristic. In this study the reverse branch of the |-V charac-
sensitivity is high, approaching unity. teristic was considered a Schottky barrier, and the conduc-
On the spectral sensitivity curves measured in the opertivity of the structure had a bipolar character. We should note
circuit regime, the photoresponse changes sign in the shorthat the contact-injection phenomena in PS and their connec-

wavelength and long-wavelength regidisg. 2b). tions with the conditions under which the M/PS structures
In structures with a high-resistance PS layer, the |-Vare obtained have only begun to be studied.
characteristic in the dark is symmetric and nonliné€ag. The results of the study of a structure with a thin PS

1b). The ratio of the currents in the lightabout layer presented above can be explained in terms of the
10" 2W/cn?) and in the dark is one or two orders of mag- energy-band diagram of the isotypic HJ between the broad-
nitude and is independent of the polarity of the applied volt-band PS2-3 eV} and thec-Si (1.1 eV) with close-lying car-
age. Several sections of the |-V characteristics in the lightier concentrations, with allowance for the states at the inter-
display dips, which are evidence of the appearance of &ace(Fig. 3).2%*°Such a diagram for a model of an HJ in the
built-in electric field (see the inset in Fig. JbHysteresis form of two Schottky barriers connected facing each other
loops, which indicate hole capture in slow traps, are detected/as proposed in Ref. 11 for the analysis of the sensitivity of
in the forward and the reverse branches of the dynamic |-\photodiode structures based on the (HPS/-Si. Actually,
characteristic§Fig. 10. The spectral dependence of the sen-such a model is characterized by saturation of the 1-V char-
sitivity is characterized by a maximum in the short- acteristics in both directionghe saturation section in the
wavelength region at 400—-500 nffiig. 2a, curvel). forward direction can also be indistinct because of a “soft”
We have analyzed the results in terms of a model whictbreakdown of the barrier on the side of the broad-band semi-
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conductoy and heteropolar photoresponses, as has been obsec); Ref. 3], and since the product of the drift mobilities
served experimentally. by the charge-carrier lifetime ig- 7~ 10 1°cn?/sec (Ref.

When the quantum energy of the incident radiation is33), the drift length of the carriers is no more thaprh even
greater than the band gap of theSi but less than that of the for large electric fields. Therefore, thin PS layers should be
PS, the radiation is absorbed in th€Si, and the sign of the used to increase the charge-carrier collection factor.
photoresponse is determined by the charge of the holes mov- The key questions regarding the PC of the PS layers are
ing according to the depletion band bending from the inter-as follows: through what region do the charge carriers flow,
face of the HJ to the ohmic contagtositive photoresponse, and what is their transport mechanism? Since PS is a nano-
see Figs. 2b and)3As the quantum energy of the incident composite that contains segments of quantum filaments and
radiation increases to values corresponding to the energy gagiantum dots oft-Si in a host of porous hydrated silicon
of the PS, holes are photogenerated in the PS. The negati@xide, the transport mechanism can involve charge-carrier
photoresponse in the short-wavelength region, which is asséunneling through the barriers between the silicon nanocrys-
ciated with the motion of these photoholes from the boundtallites and the flow of carriers injected from the silicon
ary of the HJ into the depth of the PS, correlates with thehanocrystallites along the interface regions and the barrier
opposite sign of the Schottky barrier on the side of the PSlayers. The regions of flow and the transport mechanisms
The negative photoresponse in the long-wavelength regiofepend not only on the conditions under which the layers are
can be associated with the photoexcitation of carriers fron®btained and consequently their microstructure, but also on
surface electron states caused by interface traps or with ophe conditions under which the PC is measured: the excita-
tical transitions from the valence band of the PS into thdion levels, the temperature, and the electric field. The trans-
conduction band of the-Si. Note that these surface electron port properties and the PC of PS layers have only begun to
states are fast traps for holes, whereas slow traps with Be studied.

relaxation time of about 1 sec appear in the hysteresis loops [N summary, we have investigated the 1-V characteris-
of the dynamic 1-V characteristics. tics and the spectral characteristics of the photoresponses of

A similar hysteresis effect and heteropolar photore-Al/PS/c-Si/Al structures in which, in contrast with the pre-

sponses were observed earlfdor Al/PS/p-Si/Al structures.  Viously reported studies, the PS layers are obtained by
However, the reverse current of the 1-V characteristics inchemical etching without applying a field. It has been shown
creased linearly with increasing bias for these structureghat not only PL properties but also electrical and photoelec-
while the forward current was extrapolated by an exponentiallic properties similar to those in structures based on PS

dependence. Lapteat al1? interpreted the results in terms of formed by anodization can be obtained more simply in such
a model of an isotypic HJ whose energy-band diagram constructures. Attention has been focused on the effectiveness of

tains peaks and dips. designing electrical instruments that use structures based on

In studying photoinduced charge capture in PS, Matthin PS layers(less than Jum thick) obtained simply by
veevaet al!® detected a component of the photoelectromo-chemical etching, which are more homogeneous and have a
tive force associated with the depletion regiorpisi at the ~ smooth surface and lower leakage currents. It has been es-
boundary with the PS and established the presence of slot@blished that the photodiode properties of the structures are
states on the surface of the voids. determined by the isotypip-PSh-Si HJ, taking into ac-

The results of the study of structures with a thick PScount the appearance of local states at the interface. The
layer show that their photosensitivity is determined by thePhotosensitivity of the structures, in which the properties of
PC of the PS. Taking into account the PL properties of théhe M/PS barriers and the RS6i HJs do not manifest them-
layers, these results make it possible to draw the energy-barf§!ves, is determined by the PC of the PS, whose maximum
diagram, which includes quantum-weliSi nanocrystallites Spectral dependence lies in the range 400—-500 nm. The ap-
with local states in the quantum well and barrier layers ofpearance of slow traps in the PS layers has been detected
SiO,H, in which, depending on the conditions under which from the hysteresis loops of the |-V characteristics.
the PS is formed, there is a variation in the composition and
a_lccordingly .in the height Qf the potential barrie_r's. The radia_1P Hlimonaz, O. Klima, A. Hospodkdy&. Hulicius, J. Oswald, E.iek
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The effect of the concentration of impuritigshosphorus and borpmon the photoconductivity of
films of amorphous hydrated silicon, hydrated and doped by ion implantation has been

studied. The results are compared with data for films doped from the vapor phase. A substantial
difference in the dependences of the photoconductivity on the doping level for phosphorus

and boron is detected. The photoconductivity of phosphorus-implanted films increases with the
doping level and is an order of magnitude lower than the photoconductivity of films

doped with phosphorus from the vapor phase. At the same time, the photoconductivity of boron-
implanted films depends only slightly on the doping level and virtually coincides with that

of films doped with boron from the vapor phase. These results are explained in terms of a
recombination model that allows for the difference in charge transfer of the defect states

in n- andp-type films. © 1999 American Institute of PhysidS1063-782809)01603-9

lon implantation is widely used to dope crystalline semi-formed on the film surface. Before the measurements were
conductors. Films of amorphous hydrated semiconductors, imade, the films were annealed in vacuum at a temperature of
particular, amorphous hydrated silicoa-Si: H), are most 180 °C for 30 min. The measurements were made at room
often doped during their production from the vapor phase byemperature. The photoconductivity was determined with the
adding phosphine or diborane to the reaction chamber. Th#ims illuminated by light with quantum energy 1.8 eV and
implantation of group-lll and group-V elements to amor- intensity 13*cm 2 sec ™.
phous hydrated silicon also makes it possible to vary the Figure 1 shows the dependence of the conductivjjpf
conductivity of the given material within wide limits®In  the test films on the concentration of implanted phosphorus
contrast with doping from the vapor phase, the hydrogerand boron. This figure also shows the data obtained in Ref. 1,
concentration in the film is independent of the level of intro-in which phosphorus and boron were implanted iat8i: H
duced impurity®> The electrical properties cd-Si:H films  films obtained by the decomposition of monosilane in an rf
doped by ion implantation have been studied in detail inglow discharge. It can be seen from the figure #ain the
Refs. 1-9. The available datal®indicate that, when ions films that we studied, which were hydrated by ion implanta-
are implanted into an amorphous material, additional defectson, varied by more than six orders of magnitude when
consisting of nonradiative recombination centers must be inphosphorus or boron was implanted. The character of the
troduced. At the same time, the photoelectric properties ofariation of oy is close to the data for films hydrated during
a-Si:H doped by ion implantation have been studied to aheir deposition in an rf glow-discharge plasfaA. certain
considerably less exteht:® In particular, there is virtually difference is observed only for the transition region from
no systematic research on the photoconductivity of filma:-type top-type conductivity. The indicated transition is ob-
doped with acceptor impurities. served for the films that we studied when the introduced

In this paper we report the results of an experimentaboron concentration is an order of magnitude less than for
study of the effect of the ion implantation of elements of the films obtained in Ref. 1.
group-lll (boron and group-V(phosphoruson the photo- The dependence of the photoconductivityr,, of the
conductivity ofa-Si: H films and compare their photoelectric test films on the position of the Fermi levg} relative to the
properties with those of films doped from the vapor phase. conduction bandE. (the valence bandE,) for n-type

Films of a-Si:H (0.5 um thick) for ion implantation (p-type) films is shown in Fig. 2. Thé&E,—E; andE;—E,
were deposited using thermal decomposition of monosilangalues were determined from the conductivity, using the
(SiH,). Wafers of crystalline silicon with a layer of SO relationship |Ec.,— E¢|=kTIn(op/0y), where
(1 um thick) formed on the surface were used as substratesry=1500Q *cm! (Ref. 11). The same figure shows the
The films were hydrated and doped with phosphorus or bodata fora-Si: H films, which were obtained by decomposing
ron by ion implantation. The hydrogen concentration in themonosilane in an rf glow discharge and which were doped
films was 12 at.%. After implantation, the films were an- with phosphorus or boron from the vapor phase.
nealed at a temperature of 400 °C. Aluminum contacts were Let us consider the results obtained for phosphorus-

1063-7826/99/33(3)/3/$15.00 332 © 1999 American Institute of Physics
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implanted films. It can be seen from Fig. 2b tiat,, of the  increases. If the implantation increases the concentration of
phosphorus-implanted films is an order of magnitude lesslangling bonds, the observed increasedof,, is associated
than Ao, for films doped from the vapor phase, consistentwith a reduced concentration of the principal recombination
with the data of Ref. 1. In the opinion of Le Comtetral,»*  centers of nonequilibrium electrons—neutral dangling
this result is attributable to the introduction of additional bonds, which become negatively charged wlgrshifts to-
recombination centers during ion implantation. This assumpward E..'? Note that the total concentration of dangling
tion agrees with the results of our comparative measurement®nds in neutral and negatively charged states increases with
by the constant-photocurrent method of the absorptian doping in this cas@.At the same time, the nonradiative-
the defect region of the spectruf®.8—1.4eV for fims  recombination centers that appear during implantation are, in
doped with phosphorus by ion implantation and from thethe opinion of Searleet al,'° not dangling bonds. In this
vapor phase with similaE.—E; values. Thea(1.2eV)/ case, the observed increase &fry, of the phosphorus-
a(1.8eV) value for the phosphorus-implanted films was arimplanted films ass; shifts towardE, indicates a reduced
order of magnitude greater than for films doped from theconcentration of recombination centers which correspond to
vapor phase. This indicates a large density of states corrdhe introduced defectpossibly because they undergo charge
sponding to defects at energiés< E; in the mobility gap of  transfey.

the phosphorus-implanted films. Let us consider the results obtained for boron-implanted
As can be seen from Fig. 2b, & shifts towardE_, p-type films(see Fig. 2a It can be seen from the figure that,
which occurs when the phosphorus concentratids in- in contrast with phosphorus-implanted films, the,, values

creases, thé\o,, value of the phosphorus-implanted films of films implanted with boron by ion implantation and from
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the vapor phase are close to each other. The measuremeatsd also a certain reduction dfo, at the maximum con-
showed that thex(1.2 eV)/a(1.8 eV) values for films with centrations of the implanted boron.

equalE;—E, values are also close to each other. The latter In summary, our studies have shown that dogarsji : H
result indicates that ion implantation does not substantiallfilms with phosphorus by ion implantation results in larger
increase the density of states in the energy re@orE; in  values of the density of states in the mobility gap in the
p-type a-Si: H films. E<E; energy region and smaller values®é,, in compari-

As can be seen from the figure, the increase in the conson with doping from the vapor phase. In the case of boron,
centration of implanted boroNg and, accordingly, the shift implantation does not significantly increase the density of
of E; toward E, causes essentially no changeAw,,. A states in the mobility gap in thé>E energy region, while
certain reduction is seen only for the maximum concentrathe Ao, values are similar for films doped by the indicated
tions of introduced boron. The weak dependencA ef,on  methods.

E;: in p-type films can be explained in terms of the model This work was supported in part by the the program
developed in Ref. 13. According to this model, the substan*Universities of Russia—Fundamental Research.”
tial difference in the length of the density-of-states tails close
to E, andE, has the effect that, ip-type a-Si: H films, in *E-mail: kazanskii@scon279.phys.msu.su; F@@5 939 37 31
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The temperature dependences of the photoconductivity, the Urbach parameter, the optical
modulation spectra, and the Raman spectra were studied in order to determine the cause of the
increase in photosensitivity @-Si:H films. It is shown that these films combine a low

defect density with the existence of deep hole capture centers. These factors increase the value
of oyn at T=300K in comparison with ther,, of standarda-Si: H, with AE=const.

© 1999 American Institute of PhysidsS1063-782@09)01703-3

INTRODUCTION activation energies ofrp, with a similar magnitude were
observed in the entire temperature interval studied here; i.e.,
there is no TQP regiofFig. 1).

Let us now consider the temperature dependenag,ef

a film of intrinsic (AE=0.85¢V) a-Si: H from the data
of Ref. 2 under the condition that the incident light flux is
®=10"%cm 2sec *. Since the measurements in Ref. 2 were
made for®=10"cm 2sec !, we used the linearity of the
lux—ampere characteristit AC)* to recalculate the data of

In our previous paper,we presented the results of ex-
perimental studies dd-Si: H films in which the photosensi-
tivity o,n/ o4 at room temperature was increased by as mucli)0 r
as a factor of 100. The activation energy of the dark conduc-
tivity oy, AE=0.85-1.1eV, varied when changes were
made in the conditions for depositing the films by rf glow
discharge from 100% SiHat a temperatur&;=300°C. The
photoconductivityo,, was measured when the films were
illuminated by light with hr=2eV and a flux ®
=10"cm 2sec’!, which corresponds to a photocarrier-
generation rat&=10"cm 3sec . The photoconductivity ey
opn reached values of £®/cm, even though we detected no v
radical reductior(by several orders of magnitudef the de-
fect density, which was determined by the constant- N
photocurrent methodCPM). A number of other anomalous F
properties of the films, which were studied in Ref. 1 and L.
which were similar in many respects to the properties of the -4
films described in Ref. 2, were also pointed out. The avail-
able data, however, were not sufficient to understand why the
photoconductivity increased. In view of this circumstance,
we obtained in our study some additional information on N
a-Si:H films with increasedrp,/oy by studying the tem- & -
perature dependences of the photoconductivity, the Urbacré vl
parameter(CPM), the optical modulation spectra, and the =

& -
Raman spectra. Our goal in this study was to determine the® B w
electronic properties and the structure of the indicated films

by comparing them with standaedSi: H films.

-6

0
EXPERIMENTAL RESULTS AND DISCUSSION i
Figure 1 shows the temperature dependences of the phc L Z
toconductivity. Curved and 2 refer, respectively, to a film L \
studied by us and to a standamebi : H film. The activation et T B N e S R
energy ofay was 1.05eV in both films. It can be seen that 3.0 4.0 5.0
the curves strongly differ from each other in shape: In the 0%/, K

first case, a sharp temperature quenching of the photocon]G 1T wre deend  the photoconduct Si
emperature dependences O € photoconduc IVIty—aﬂ 1

dUCtIVIty (TQP) is observed, begmnmg ,WlthT 290~ with increased op,/0q, 2—standard a-Si:H (in both cases, AE

300K. At lower temperatures,, exponentially increased —1os5ev), 3—aSi:H with increasedo, /oy (Ref. 2, 4—standard

with energy 0.02-0.03eV. For the standaSi:H film, a-Si: H (in both casesAE=0.85eV).

1063-7826/99/33(3)/4/$15.00 335 © 1999 American Institute of Physics
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Ref. 2 (Fig. 1, curve3). For comparison, Fig. 1 shows,,

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

As shown by the results of studies of,, and of our
other films with increasedr,,/cy, the high-temperature
TQP regions are actually a characteristic property of such
films; the maximum values of,, are observed at tempera-

3
1

1
tures close to room temperature. . _ 0.5 0.7 0.9 7.1
There are various models of TQP in semiconductors, the AE, eV
best known of which is Rose’s mod&This model assumes
that the recombination channel changes at low temperature%'.G- 2. The Urbach parameter plotted as a function of the activation energy

40—

of dark conductivity. The curve is for standaaeSi : H? and the points are

If recombination at high temperatures occurs through centers " o'\ it increased, oy
: onl T4

near the middle ok, for which S,=S, (the capture cross
section of electrons and hojesecombination at low tem-
peratures goes through centers located close to the edge of
the valence band, for whic,<S, . Because of this circum- Eu ONAE. It can be seen that, farE=const, thek,, of the
stance, o, increases as the temperature is lowered. Howfilms that we studied is substantially greater than Eqeof
ever, Rose’s model implies superlinearity of the LAC, which standardha-Si: H films. At the same time, as shown in Ref. 1,
is not observed in our caseConversely, the films with in- the opposite picture is observed fdp . Thus, the intercon-
creasedr /4 display an LAC whose exponent is close to Nection betweemp andg, usually observetffor a-Si: H is
unity, which is inherent to standagdSi : H with a low defect ~ absent here.
density[the LAC was measured as the intensity of the light [N connection with what was said above, information
flux (\=630nm) varied over three orders of magnitude atwas independently obtained concerning the defect density in
T=300K]. Therefore, in what follows, we shall start from the test films—by optical modulation spectroscai@MmS),
the TQP model proposed farSi: H in Ref. 3. According to @S in Ref. 6. Figure 3 shows the OMS spectra for three films:
Ref. 3, recombination at high temperatures occurs from del (standarda-Si:H, AE=0.8eV), 2 and 3 (a-Si:H with
localized states through the states of dangling borils— increasedryn/oq, AE=0.92 and 1.1eV, respectivelft is
centers. Electrons are quickly captured at neud&tenters, well knowrr that, asAE varies in the interval 0.8—1.1eV in
transforming them into charged~ centers. The recombina- Standarda-Si:H, the value ofNp determined by the CPM
tion rate is determined by hole capture at e centers. As  increases by about an order of magnitude. However, a ten-
a result, they are transformed back ifdd centers, which dency is observed here to reduce the defect density as one
capture new electrons, etc. However, as the temperature #9€s from standare-Si: H to a-Si:H with high photosensi-
lowered, a greater and greater part of the holes are capturdlyity, despite the increase &E. Information on the defect
at deep states of the valence-band tail. The hole flux towargensity, as beforwas obtained by considering the region
theD~ centers decreases, and the numbed®tenters that  Of the OMS spectrum close to 1eV.
capture electrons accordingly decreases. Theretgggin-
creases with decreasing temperat(tédalls as temperature
rises; i.e., TQP occuysFinally, as the temperature decreases
further, the photocarriers trapped on the band-tail states ur
dergo tunnelling recombination. Accordingly,,, is deter-
mined by the thermal generation of electrons into the con-
duction band from its tail states and decreases with
decreasing temperatutEig. 1. 0
The existence of capture centers that efficiently capture
holes thus raises the value of;,, and the temperature at “§ 7
which this rise occurs increases as the depth of the positio &
of the capture centers increases relative to the valence-bar ™
edge. There was interest in explaining the origin of these
traps in the films that we studied, in which domains about
1nm across apparently occur, as in the films described ir
Ref. 2. As regards to nanosize domains, Roca i Cabarroce
etal? nevertheless leave the question of their structure unan %z
swered. In other words, it is not clear whether these domains

are Si_licon nanocrystalsg). FIG. 3. OMS spectra for films of standagdSi: H (1) and a-Si: H with
Figure 2 shows the dependence of the Urbach parameteicreasedr,,/ o4 (2, 3. The AE values are given in the text.
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w0} much as is contained in intrinsia-Si: H deposited at the
same temperaturg;= 300 °C). However, these were single-
phase films: no otheFO bands besides that indicated above
were observed for them; they were distinguished by high
defect density, lowry, and lowop,. ! Nevertheless, small
inclusions of such a phase in tlheSi: H host possibly may
have a positive effect on the electronic properties of the
films.
Of course, the question of the nature of the inclusions
that radically increase the photoconductivityas$i: H films
can in no case be considered solved. In this connection, it
should be recalled that Azuma et®aieported the same pho-
tosensitivity ina-Si: H films that contain nobhs domains but
g ———— 0 other “inclusions,” consisting of void$2—4 vol %9; here the
Raman shift, cm™’ hydrogen concentration in the films reached about 20 at. %.
Clearly, the role of inclusions in increasing the photosensi-
tivity actually reduces to a modification of the structure
whose model, taking into account our data, is proposed by us
The sharp growth of € AT/T), called thermomodula- in this paper. This model, in our view, explains the photo-
tion, makes it possible to estimatg, . 6 Earlier, E, was conductivity increase at room temperature in comparison
determined independently by Tauts’s method for films 1, 2With the photoconductivity of standamSi:H. As for the
and 3:E4=1.75, 1.88, and 1.88 eV, respectively. Despite theincrease ofoq with AE= const; it most likely occurs be-
difference in the values &g of film 1 from films 2 and 3, an ~ cause the temperature coefficient of the shift of the Fermi
increase of the OMS signal is observed for them, startindevel in this case cannot be considered equal to zero, because
with E=1.6 eV. This must be evidence that the valence-bandhe density of localized states is not symmetrically distrib-
tail is broadened for films with increased photosensitivity. uted relative toE,/2. The nonsymmetry actually increases
It is obvious that the data obtained by the CPM andbecause of the significant broadening of the valence-band
OMS methods agree with each other. Thus, the films that wégil. If o4 increases by a factor of 10, then, sineg~exp
studied actually have lower values b, and at the same (—¥%/K),® we obtain—2.8x10 *eV/K for y¢, and for the
time deeper hole traps than standar8i: H films with AE ~ temperature coefficient of theg —eg gap, equal toy,
—const. These two factors are responsible for the increased ¥r. We obtain 5.X10™*eV/K if y,=2.4x10 *eV/K.®
photoconductivity. We assume that inclusions of small We should point out that ther value that we deter-
(about 1 nm domains (s domaing result in the removal of mined is significantly lower than that determined by Ruff
local stresses in tha-Si:H host. This in turn reduces the et al:'®5.4x10 *eV/K. However, they studied n@Si:H
number of dangling Si—Si bond®(centers; i.e., the short-  With ns domains but microcrystalline siliconu(c-Si), for
range order is improved. On the other hand, however, th&hich the crystalline phase was recorded by Raman spectros-
presence ofsdomains results in inhomogeneity of the struc- Copy, while the value ofogzgok) reached 10°S/cm. In
ture beyond its limits and broadens the valence-band tail, a@ther words, it was very high in comparison with tbrg of
indicated by the increase of the Urbach parameter. the samples that we studiedr{=10"%-10"'°S/cm). It
The structure of the-Si: H matrix in the films studied therefore seems logical that the density of localized states in
here thus differs from that of standaaeSi : H. Based on the ~uC-Si undergoes significantly larger change in comparison
data of IR spectroscopy, certain differences regarding thavith standarda-Si: H than the density of states in films with
hydrogen concentration in the films and the silicon—nsdomains. The difference in the temperature coefficients of
hydrogen bonds were pointed out earlier in Refs. 1 and 2the Fermi level is attributable to this change.
Here we show the Raman spectrum of one of our films which
has the maximum photosensitivit§Fig. 4): It could be ex-
pected that the structural features of the Si subsystem showq e usion
up most distinctly in this case.
As can be seen in Fig. 4, besides the stand&dand, The results which we obtained in this study, with allow-
the spectrum includes a band at 456 ¢mwhereas the one ance for the previous resuft$;® have made it possible to
at 525 cm'%, characteristic of the crystalline phase, is absentexplain the photosensitivity increase @it=300K in the
The latter can mean that the crystalline inclusions are to@-Si: H films studied here in comparison with standard films.
small’ (<7 nm) or that thens domains are not nanocrystals A necessary condition for this explanation is that #8i : H
of silicon. It is then possible to attempt to associate the origirhost must be modified by means of nanosiidnclusions,
of the band at 456 cm' with the presence of thasinclu-  which, on one hand, reduce the defect density by reducing
sions in the films. We should point out thatT® band at the local stresses. On the other hand, the existence of such
frequencies close to 456 ¢crh was observed during studies inclusions strongly broadens the valence-band tail, i.e., it
of standarda-Si: H films®> which haveAE=1.05-1.10eV creates very deep traps for holes which lowers the recombi-
and which contain about 16 at. % of hydrogémice as nation rate througlD centers at high temperatures.

Intensity %

L b}

FIG. 4. Raman spectrum for anSi: H film with maximumog,/og .
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THE PHYSICS OF SEMICONDUCTOR DEVICES

Electrical and photoelectric characteristics of n-Si/porous silicon/Pd diode structures
and the effect of gaseous hydrogen on them
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The current—voltage characteristics and the photovoltage gfdr®i/n-Si diode structures in

the temperature interval 106—300 K are investigated. The forward branch of the -V
characteristic at room temperature is exponential, with a nonideality fagtd2. The dependence

of the current on the voltage at a low temperature and a high injection level is a power

function with an exponent equal to 4.1. Amplification of the photocurrent is detected as the reverse
bias increases; the gain reaches 40106 K when the bias was more than 10V. It is

concluded that a double charge-carrier injection mechanism predominates during charge transfer
through the porous layer. When gaseous hydrogen acts on the structure, the photovoltage
decreases by three orders of magnitude, while the dark current decreases by an order of magnitude.
The structures studied here are characterized by significant relaxation times of the increase

of the currents and the recovery of the currents and the photovoltage after the action of hydrogen.
The effect of hydrogen on the photoelectric characteristics is associated with the formation

of an additional dipole layer at the Rubr-Si boundary, which lowers the Schottky barrier.

© 1999 American Institute of Physids$1063-782809)01803-7

INTRODUCTION in the IR was focused onto the sample. Such a light intensity
Most of the attention of researchers studying porous sjlivas sufficient to completely straighten the bands at the sili-
con (por-Si) and diode structures based on it is devoted g surface. . . .

The por-Si surface was metallized by cathode deposi-

the phenomena of photo- and electroluminescence, their de- ) ) )
pendence on production conditions, and the structure of th%gn of palladlqm from an ammpchlonde eIeFﬁtronte
porous layers. Study of the electrical and photoelectric char: ({NHQ')“]ClZ with a current density of 1 mA/C for
acteristics of such structures and, in particular, of metal/10 min. The calculated thickness of the palladium layer was
por-Si structures has received less attention. These studie%?o nm. . . -

however, are of interest both with respect to the current- The electrical and photqelectrlc _charactenstlcs were
transport mechanism in such diode structures and in Conneg]easured by standard techniques, using an SPM-2 mono-

tion with possible practical applications. Kovalevskaya ét al. chromator and a graphite radiation source. A pulsgdstip-

published the results of an experimental study of MOS strucpIy was provided by the technique of Ref. 1.

tures with a palladium contact, based on single-crystaind

n-type Si, and showed that high-sensitivity hydrogen deteceELECTRICAL CHARACTERISTICS

tors can be built. . . .
In this article we present the results of measurements of " 19ure 1 shows the forward brancheegative potential

the |-V characteristics, the photovoltage, and the photocur(-)n_ the substrajeof the |-V characteristics, recordgd at
rent in Pdpor-Si/n-Si structures and the effect of gaseousT_10§ and_ 300K. The dependend:e»_ exp@V/nkT) W'th
hydrogen on them. n=12 is typical at both temperatures in the current interval

to 1=10 ®A. The exponential behavior is replaced by
the power dependende~V*! at higher injection levels at
T=106K.

The por-Si layers were fabricated by anodizing an High values of the nonideality factar of the |-V char-
n-Si (100 surface withp=2 () -cm in a mixture of 48% hy- acteristics are typical of Schottky barriers basedpon Si.
drofluoric acid with ethano{1:1) for 10 minwith a current  While the n values do not exceed 10 in Albr-Si/p-Si
density of 10 mA/cr through a platinum counterelectrode. structures,values of 55—60 for Alor-Si/p-Si structures are
An ohmic contact was previously created on the oppositgiven in Refs. 3 and 4. The parameters of the diodes are
side of the silicon wafer by fusing aluminum and thenimproved onn-type substrates and with electrochemical or
sputter-coating gold. During the electrolysis, the light of achemical deposition of the metal contact, and the values ob-
100-W incandescent lamp equipped with a filter transparentained forn can therefore be regarded as normal for Schottky

EXPERIMENTAL PROCEDURE

1063-7826/99/33(3)/4/$15.00 339 © 1999 American Institute of Physics
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FIG. 1. The current—voltage characterist{ésrward direction of Pdjpor-

Si/n-Si structures. Temperature, K:—300 (lower scalg¢, 2—106 (upper PHOTOELECTRIC CHARACTERISTICS
scale.

Analyzing the results of measurements of the photoelec-
tric effect in these structures, we should first point out that

) . the spectral characteristics of neither the photovoltage nor
barriers made from noble metals. The transition to a powef,e photocurrent display any features in the short-wavelength
function of the current versus the voltage at high voltage:i)art of the spectra corresponding to broad-bandSi, as
and low temperatures, observed, for example, in Ref. 6. A Fowler tail correspond-

[ ~vm (1) ing to a barrier equal to 0.32eV is observed on the long-

wavelength section.
allows the current-transport mechanism to be explained by The dependence of the photocurrent on the reverse bias
double injection of carriers into the porous layer—electronsyas studied with close-to-monochromatic illumination with
are injected from then-Si substrate through the $dr-Si A =1.0um (Fig. 3. At large voltages, this dependence goes
heterojunction and holes are injected through the Schottk§tom sublinear to superlinear with a powarequal to 4.2. At
barrier. It is evident that, with either polarity of the applied T=106 K, the gain forv>10V reaches values of 10As
voltage, the injection coefficients of the electrons and holeshe temperature is raised from 106 to 300 K, the gain falls by
will not be ideal; i.e., the ratios,/I andl,/l will be less more than an order of magnitude.
than unity. However, the forward direction of the current will In our view, the influence of two factors should be
be characterized by a higher injection coefficient of electrongvaluated in analyzing the amplification mechanism: the tun-
into the porous layer in comparison with hole injection. For aneling of minority charge carriers through the Schottky bar-
monotonic distribution of the carriers injected into @-Si  rier and the concentration variation of these carriers as a
and in the presence of active capture centers, the nonidealifyinction of the injection level of electrons into the porous
factorn is proportional to cosM/L), whereW is the thick-  |ayer. The tunneling of carriers seems unlikely, since, on one
ness of the porous layer ahds the diffusion lengtif.When
W>L, the value ofn can be large, as we have observed
experimentally.

As the injection level increases, recombination increases
in the skin layer of thepor-Si at the boundary with Pd and at
the heterojunction boundary with the substrate. The distribu-
tion of carriers injected into thpor-Si layer becomes non-
monotonic, and this changes the form of the |-V character-
istics from exponential to a power functi¢iqg. (1)]. When
W=>L and the injection contacts are nonideal, the pomeés
4 (Ref. 5, consistent with the experimental data.

The forward |-V characteristics are characterized by a
long rise time of the forward current when the voltage is
applied in stepgFig. 2). The presence of steps on certain
curves (Fig. 2, curve2) is evidence that several levels, 70 L
with different characteristic times, participate in the capture 0% 061 2
and recombination processes. Estimating their depth from v,V
the thermal liberation time, we obtain the energy intervalgg, 3. Photocurrenity, vs reverse bia¥ at T=106 K with monochromatic
E;~0.80-0.90eV. illumination (\=1.0um).
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FIG. 5. Variation of the dark curreriforward direction with pulsed action
FIG. 4. Photovoltage specti,, of a Pdpor-Si/n-Si structure:1—initial, of hydrogen:1—initial curve, 2—in a H, atmosphere.

2—in a H, atmosphere.

ders of magnitude, while the forward current falls off by less

hand, the electric fields were not very large 10° V/cm),  than an order of magnitude. The reverse current varies in a
and, on the other, a rather strong temperature dependence similar way. When this is compared with the results obtained
the gain was observed, which cannot be expected with turen single-crystah-Si'note that there is a sharply increasing
neling. It is hard to regard a porous silicon layer as an orditelaxation of the photovoltage and the dark current after the
nary photoconductor with amplification determined by car-hydrogen pulse is switched offig. 6). Moreover, the dark
rier transit, sincepor-Si is characterized by extremely low currents decrease as a result of the introduction of hydrogen,
carrier mobility” In addition, the experiments showed that whereas they increase mSi.* If the variation of the photo-
the photocurrent depends on the polarity of the applied voltvolage can be attributed, as before, to the lowering of the
age: The photocurrent decreases with forward bias, droppin§chottky barrier, the variation of the dark currents can most
especially sharply as the bias voltage increases. likely be explained by the effect of hydrogen on the density

The photocurrent amplification in the test structures, inand charge transfer of deep levels in the porous silicon layer.
our view, is attributable to the increase of the lifetime and, = The lowering of the Schottky barrier can be attributed to
accordingly, the diffusion length. The observed long-livedthe “temporary” defects initiated by the hydrogen atoms,
relaxation of the forward current, with a high electron- which create an additional dipole layer deposited on the di-
injection coefficientl ,/1, is evidence that the deep centerspole layer of the barrier. As a result, both the photocurrent
are electron-capture centers. With reverse bias at the Pahd the internal differential resistance of the barrier fall off.
por-Si boundary, there is a predominant filling of these cen-The reduction of the forward and reverse dark currents, how-
ters, and this region broadens along tiw-Si layer as the ever, in these structures is determined not only by the prop-
voltage increases. The photocarriers in this case have an amrties of the Schottky barrier, but also by the current-
bipolar diffusion length that increases with increasing bias,
and the number of electron—hole pairs separated by the
Schottky barrier accordingly increases. The theoretical de- 70
pendence for a nonuniform distribution of minority nonequi-
librium carriersAp~ | ~V* mentioned earlier approximately
corresponds to thi,,~V*? dependence experimentally ob-
served for the photocurrent at high reverse ljiég. 3). The
temperature dependence of the photocurrent under reverse
bias turned out to be fairly insignificant, as should be ex-
pected, since the population of deep levels does not vary
much in the temperature interval considered here.
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EFFECT OF HYDROGEN ON THE PHOTOELECTRIC
AND ELECTRICAL CHARACTERISTICS

The effect of gaseous hydrogen on the region of maxi- 0 Z % 2 6 8 10
mum spectral sensitivity is shown in Fig. 4, while the varia- £,10°s

tions of the forward branch of the |-V characteristic a‘reFIG. 6. Relaxation curves of the dark current in the reverse diregtioimts

shown in Fig-. 5. The virtually inertiales; decrease of thegn curvel) and photovoltage?) after switching off the pulse of H Solid
photovoltage in a hydrogen atmosphere is almost three okurvel shows the calculated values fEf=0.8 eV.
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transport mechanism in the porous layer. The forwardvariations in structures based on single-crystal silicon. How-
current falls off because additional capture centers form in @&ver, the longer relaxation times of the parameters measured
hydrogen atmosphere. This process must reduce the idealibhere make it less promising to use these structures to sense
coefficientn.! A falloff of n has actually been observed ex- gaseous hydrogen.

perimentally:n=16 without hydrogen anti=12 with hy- D. N. Goryachev and O. M. Sreseli wish to thank the
drogen. The sharp lowering of the Schottky barrier in a hy-Russian Fund for Fundamental Research for supporting this
drogen atmosphere causes the electron injection to increaserk (Grant No. 96-02-17903

under reverse bias, and the mechanism by which hydrogen

affects the reverse current remains essentially the same as f%. G. Kovalevskaya, M. M. Meredov, E. V. Russu, Kh. M. Salikhov, and
the foryvard current. In contrast Wlth the for_ward current, the 5’ siobodchikov, Zh. Tekh. Fifi3(2), 185(1993 [Tech. Phys38, 149
relaxation of the reverse current is determined by the libera- (1993.

tion of nonequilibrium minority carriers from the capture 2H. Shi, Y. Zheng, Y. Wang, and R. Yuan, Appl. Phys. Let63, 770

Ieyel E;=0.8eV (Fig. 6)., which is apparently. associated SN. Koshida and H. Koyama, Appl. Phys. LeB0, 347 (1992.

with a large concentration of these centers in the POroUS_ pavesi, M. Ceschini, G. Mariotto, E. Zanghellini, O. Bisi, M. Anderie,
layer. The relaxation dependence of the photovoltage is moreL. Calliari, M. Fedrizzi, and L. Fedrizzi, J. Appl. Phy&5, 1118(1994.
complex and involves the participation of a number of levels °E. |- Adirovich, P. M. KarageorgiAlkalaev, and A. Yu. Liderman,

. b . Double-Injection Currents in Semiconductdf$auka, Moscow, 1978
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Temperature dependence of the quantum efficiency of silicon p—n photodiodes
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The temperature dependence of the quantum efficiency of sipeon photodiodes for photon
energies of 1.1-5.2 eV is measured in the temperature range 77—300 K. It is shown that

for photons with energies exceeding 1.4 eV the change in quantum efficiency is less than 0.01%
per degree. The temperature dependences of the photoresponse of silicon photodiodes and

of GaAs and GaP Schottky barrier photodiodes are comparedl999 American Institute of
Physics[S1063-782809)01903-1

1. Silicon p—n structures and GaAs and GaP Schottkytance of 20Q)-cm was oxidized in dry oxygen in the pres-
diodes are the most widespread ultraviolet semiconductognce of chlorine-containing substances. After oxidation a
photodetector$? These devices have the common shortcom-7X7 mm window was opened up and boron was diffused
ing of a sharp drop in quantum efficiency at short wave-into it to a depth of<30 nm. Here the impurity concentra-
lengths. An additional drawback of the GaAs and GaP detion in the layer near the surface was determined by Ruther-
vices is that they have a strong temperature dependence ffrd _backscatter spectroscopfRBS) to be N(0)
the photocurrent, which increases severalfold as the temperaz10° cm™2. An isotypicn—n™ junction was created on the
ture is raised from 100 to 300 ¥* opposite side. Metal contacts were formed on the front using

We are unaware of any experimental papers in which th@hotolithographic techniques and etching of a vacuum-
temperature dependence of the quantum efficiency of silico€posited aluminum film.

p— n-structures has been studied in a wide range of tempera- Figure 1 shows the spectral characteristic of a photodi-
tures. In this paper we report the results of such a study. Oupde of this type. An analysis of the quantum efficiency spec-
experiments show that in the short-wavelength interval cortrum of this photodiode along with the reflection spectrum of

responding to 1.4-5.2 eV, the quantum efficiency is essens-i"CO”S. shows that t_he inn.er guantum efficiency of the de_—
tially independent of temperature. In the long-wavelength inlector is close to unity. This type of detector can operate in

terval corresponding to 1.1-1.3 eV, there is a strongIhe zltrav&ollet.f imilar highl ic sl .
temperature dependence apparently due to the increased model of similar highly asymmetric silicop—n junc-

: oo : .. tilons with ultrashallow doping has been examined by
number of photons required for an indirect optical transition. 6 A o .
A model has been proposktto explain the rapid rise in Redfield® A high electric fieldE>10* V/cm, which extends

the photocurrent with temperature. According to this model,Up t(.) the outer surface of the_ doped region .Of “‘?e” .
unction, ensures that the carriers generated in this region

photocarriers are captured at traps located in the spa rift at a high velocity, close to the maximum saturation

charge region. This s_ort of trap presumably is capable OValue of ~107 cm/s. The time over which a carrier gener-
simultaneously capturing an electron and a hole, so that, %t

. . ted near the surface reaches then junction is t<3
low temperatures, a large fraction of the photocarriers re-
combine at traps, while the remainder are ejected from the
trap by thermal excitation. This fraction of the photocarriers 47
also contributes to the photocurrent, which increases witt r
temperature. The experimental results and their explanatior 6|
given in Refs. 3 and 4 indicate that there is an extremely higrhw»
concentration of traps in the space charge region. Estimatey |
show that atomic traps should have a concentration on theg gt
order of 18° cm 3, so that probably these traps are two-
dimensional, like dislocation loops.

The absence of an increase in the photocurrent with tem
perature in silicorp—n structures is, we believe, of funda-
mental importance. It is evidence of a high technological and 4+
design perfection in the silicon structures and of the absenc -
of any structural defects in their space charge regions. oty

2. The objects of study were silicon photodiodes pre- Photon. energy, eV
pared by local diffusion from the gaseous phase. An initialsg 1. The quantum efficiency of a silicon photodiode electrons per
n-Si:P substrate with BLOQ] orientation and a specific resis- photon as a function of photon energy at room temperature.

T
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T
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ok ciency increases with rising temperature, and more rapidly
[ z0ev for lower energy photons. We assume that this is related to
o6 an increase in the number of photons, since when the photon
“05: Lhey energy slightly exceeds the band gap, the indirect optical
g‘» L soser transitions mainly involve absorption of a photon.
3 04} For photon energies of 1.4-5.2 eV, the quantum effi-
§ r 133eV ciency is temperature independent. Since the error in the
£ o3 measurements was less than 1.5%, we may conclude that in
§ i this region of the spectrum the change in the quantum effi-
e ciency is less than 0.01%/ °C.
o1k We thank O. V. Konstantinov for a discussion of the
- 1116y results of this study.
0.0 L 1 T T 1 1 ) I ) 1 )
50 100 150 200 250 Joo 350

Temperature, K
'Hamamatsu Photonics Photodiodes Catalog, 1995.
FIG. 2. Quantum efficiency of a silicon photodioge electrons per photgn  2g_|. lvanov, L. B. Lopatina, V. L. Sukhanov, V. V. Tuchkevich, and N. N.
as a function of temperature at several photon energies. Shmidt, Fiz. Tekh. Poluprovodil5, 1343(1981) [Sov. Phys. Semicond.
15, 775(1981)].
3Yu. A. Goldberg, O. V. Konstantinov, O. |. Obolensky, E. A. Posse, and
B. V. Tsarenkov, Fiz. Tekh. Poluprovod8l, 563 (1997 [Semiconduc-

13 . . tors 31, 473(1997)].
x10 s. These short drift times explain the low level of 4Yu. A. Goldberg, O. V. Konstantinov, E. A. Posse, and B. V. Tsarenkov,

recombination losses in the thin, highly doped region of the giz. Tekn. Poluprovodn.29, 219 (1995 [Semiconductors291, 108
p—n junction. 5(1995]. -
3. The results of the experiments are reflected in Fig. 2_H: R. Philipp and E. A. Taft, Phys. Re99, 1151(1953.
. 5D. Redfield, Appl. Phys. Lett35, 182(1979.
and reduce to the following.

For photon energies of 1.1-1.3 eV, the quantum effi-Translated by D. H. McNeill
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Planar-doped gallium-arsenide structures for bulk potential barrier microwave diodes
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Diodes with a planar-doped potential barrier are devices with charge transfer by majority carriers
for which the height of the potential barrier and the shape of the current—voltage
characteristics can be controlled by means of a definite combination of layers during the growth
of the epitaxial structures. These devices have emerged as potential replacements of
Schottky-barrier diodes for a number of microwave applications. Some typical problems that
arise when structures with a planar-doped potential barrier are grown by molecular-beam epitaxy
are studied. A process for obtaining the structures, based on combining vapor-phase epitaxy
with molecular-beam epitaxy, is proposed. Various methods are studied for forming ohmic contacts
in structures with a planar-doped potential barrier. A process which provides low contact
resistances<<6x 10"’ Q-cn?) and a high percentage yield of serviceable diode95%%) is
developed. Microwave diodes fabricated with a planar-doped potential barrier are

compared with Schottky diodes based on gallium arsenide19@9 American Institute of
Physics[S1063-782809)02003-7

Diodes with a bulk potential barrier formed in an epitax- growth of the epitaxial structure, there are no problems as-
ial structure based omtype gallium arsenide by introducing sociated with how the processing quality of the surface under
a thin p-type layer were proposed and experimentally imple-the barrier contact affects the characteristics of the diodes,
mented at the beginning of the 19808hey became possible
because of the development of modern epitaxial technolo-
gies, most importantly, molecular-beam epitaBE).

There are two main varieties of such diode structures: N
so-called camel diodes, in which a dopedayer is located Y “ 4
directly in a layer withn-type conductivity, and diodes with /]
a planar-doped potential barri¢PDDg. Current is trans-
ported in a PDD by majority carrierglectron$ through the
potential barrier formed by introducing a thip layer into
an undoped regiotthei-region located between two layers
of n-type conductivity(Fig. 1). The thickness and the dop-
ing level N, of the p™ layer in this case is such that it is
completely depleted by the majority carridtoles.?

It is possible to control the height of the potential barrier
in planar-doped structures by varying the parameters of the
epitaxial structures. In contrast, for Schottky-barrier diodes
(SBD9 based on gallium arsenide, the barrier height is
about 0.7-0.8 eV for most of the metals that are used. This is
important when creating the structures with low potential-
barrier height needed for microwa¥MW) detector diodes
with zero bias and mixer diodes in systems with low hetero-

dyne power. Such low-barrier SBDs are ordinarily based on

P4 5 6 ; FIG. 1. Operating principle of a diode with a planar-doped potential barrier.
Si," InP/” or InGaAs. PD_DS have a number OT |mpo_rtan_t The doping level of the™ layer isN,=(1-10)x 10*" cm~3, the thickness
advantages over them. Since the potential-barrier region in @ {—5_10nm, the doping level of thelayers isNpy, Npp<10®cm 2,

PDD is far from the surface, and since it is formed during theand the thicknesses adg, d,=10-1000 nm.

DN NN NNNN

y
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and the low-frequency noise caused by surface states is eNat d,d,
reduced.® The characteristics of PDDs have higher-  Pp=————
temperature stability than do those of SBtH&inally, diodes 0Tt
with planar-doped barriers are more stable against puls@hereeis the charge of the electroay is the permittivity of
overloadst® free space, and=13.1 is the relative permittivity of GaAs.

A key problem that needs to be solved to ensure thdf the voltage drop across the undoped layers is much greater
required characteristics of PDDs and their reproducibility isthan the thermal potenti&[T/e, the current through the bar-

to monitor the charge and the spatial position of the thin rier in both directions is determined in most cases by ther-
layer. Another important aspect is to ensure a low backMmoelectron emission. This current density can be determined

from

ground doping level and a given thickness of thiayers.

The technological method that most fully satisfies these re- b, —
. . 2 e( b EF)
quirements is MBE. J=A**T%exg — BT
The results noted above involving the creation of high-
quality PDDs were achieved by using structures grown by eV eV
MBE. Nevertheless, there are several technological and de- X SR kT T T kT [

sign problems associated with the need to perfect the char- o o ) )
acteristics of PDDs, to improve the reproducibility of the Where A** =4.4x10' A/m?K is the effective Richardson

parameters, and to increase the output of serviceable diodez®nstant for GaAsT is the absolute temperaturé,is the

In this paper we report the results of an experimenta@PPlied voltage, and, andn, are the ideality factors, de-
study of various methods for forming ohmic contacts tofined by
planar-doped structures with a bulk potential barrier. We also d;+d, d;+d,
optimize the design and technology of growing PDD struc- n;= a. n,= d
tures by MBE and carry out a comparative study of the char- ! 2
acteristics of MW PDDs and SBDs based on GaAs. The specific capacitandper unit arepof a PDD is approxi-

At the first stage of the study, a process was developethately constant and in the total-depletion approximation is
for obtaining PDD structures with given current—voltagegiven by
characteristics and a given barrier capacitance. A series of
test samples, which differ in the thicknesses of the undoped c= )
layers @;,d,) and the position and doping levellf) of the d;+d,

p* layer, was fabricat(_ad. The planar-doped .sjtructures Were  Taple | shows the design parameters of some of the as-
grown by MBE on a Riber-32P apparatus. Silicon was use@rown structures, as well as the calculated and experimental
as a donor impurity, and Be as an acceptor. To check thggjyes of the parameters that characterize the I-V character-
quality of the epitaxial structures and the correspondence qétics of the test PDDs. The observed systematic excess of
their parameters to the calculated values, test diodes wekfie barrier height over the calculated value can be attributed
fabricated in the form of mesa-structures i in diameter, o a certain excess of the actual Be concentration relative to
with an upper ohmic contact 30m in diameter and an an- the assumed value, since capacitance measurements confirm
nular ohmic contact to the lower™ layer. AuGe/Ni/Au  that the total thickness of the undoped region agrees well
ohmic contacts were formed using a process optimized eagith the calculated value. The growth regimes of the planar-
lier for fabricating MW field-effect transistors. A dopedp™ layer were corrected in accordance with the result-
peroxide—ammonia etchant was used to etch the mesa strugg data.

tures. A crucial problem in PDD fabrication technology is re-

In the total-depletion approximatiorii.e., assuming producibility in creating the upper ohmic contact. The use of
sharp boundaries of the depletion regijpaad with a suffi-  alloy contacts based on AuGe is possible for a sufficiently
ciently high potential barrier, the simple analytical model of thick uppern™ layer (no less than 0.3—0,4m), since local
Refs. 2 and 3 can be used to describe the 1-V characteristicegions with a large penetration depth of the contact layer
of the PDDs. In the indicated approximation, the potential-can be formed. Alternative versions are to use nonalloy
barrier height in the absence of external voltage is given byhmic contacts by brazing in a metallic contact coating at

€EQ

TABLE |. Parameters of the PDD test structures.

Ideality factor Oy, mV

Sample d;,nm dy, nm t,nm N,, cm 3 Calculation Experiment Calculation Experiment

2-640 200 100 10 % 10Y7 15 1.5 368 577
2-641 300 100 10 % 107 1.33 1.5 410 697
2-680 150 30 10 16 1.2 1.34 344 476
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TABLE Il. Comparison of methods of forming the upper ohmic contact.

Structure of the upper Fusing Typical values of  Yield of serviceable test
contact layer(thickness, Contact (brazing contact resistance diodes, @iameter of
doping leve) metallization regime pe, Q-cnm? mesa-structures 70m)
n*-GaAs AuGe/Ni/Au 420°C, 30sec, (1.95— 3.4x 1077 74

(400 nm, 3x 108 cm™3) H, atmosphere

n*-GaAs AuGe/Ni/Au 300°C, 30 min, (2.1- 3.2)x10° 7 89

(400 nm, 3x10®¥cm3) H, atmosphere

n*-Ing Ga, As Ti/Pt/Au 300°C, 5min, (4.9-5.6)x10"’ 94

(50 nm, 1x10%cm 3) / H, atmosphere

grad-InGa, _,As

(50 nm, 5x10"¥cm3) /
n*-GaAs
(50 nm, 3x10"¥cm™3)

temperatures below the eutectic pofatso-called diffusion range, since structures based on a semi-insulating substrate
contacj or by very strongly doping the skin layer of the make it possible to create diodes with beam leads having
original epitaxial structuré.We studied both possibilities. minimum stray parametePsin addition, such structures are
Diffusion contacts based on the metallization of potentially suitable for monolithic integrated circuits. Rela-
AuGe/ Ni/Au were formed by brazing at 300 °C for 30 min tively thick, buriedn™ layers(4—6um thick), which ensure
in a hydrogen atmosphere. This provided a higher percentagelow series resistance, are ordinarily used in diodes based on
yield of serviceable test diode structurgs 90% by com-  semi-insulating substratésSince the characteristic growth
parison with alloy contacts. However, the technology devel+ates of GaAs are about m/h for MBE, it takes much
oped for forming ohmic contacts based on the metallizatiotlonger to grow such epitaxial structures. To reduce the dura-
of Ti/Au or Cr/Au seems more promising. Instead of antion of the MBE process, a combined process was developed.
n*-GaAs contact layer, layers of -GaAs,n"-Galn;_,As In this process structures with planar doping are grown on
with variable composition, and®-Ga, lng sAs were gradu-  standard SAG-5 epitaxial structures-5um of n™ GaAs on
ally grown. The total thickness of the contact layers wasan S| GaAs substrateobtained by vapor-phase epitaxy
0.15um. Various technologies for fabricating ohmic con- (VPE). To prevent a potential barrier from forming at the
tacts are compared in Table Il. A technology based on nonepitaxial-structure—substrate boundary, the growth process
alloy contacts ensures a high yield of serviceable structureswas begun with delta-doping of Si with a surface concentra-
(more than 95% reproducibility, and low contact resistance tion of 5x 10*2cm™ 2.
(pe<5x10"7Q-cmd). The quality of epitaxial structures for PDDs and the ho-
As for GaAs-based SBDs, two main types of devicemogeneity of their parameters are substantially affected by
structures are used when creating MW PDDs: those based @uch factors as the features of the MBE apparatus that is used
conductive 6*-GaAsg substrates, and those based on semi{most importantly, the homogeneity of the fluxes and the
insulating(SI GaA3 substrate$? The latter version is more characteristic defect densities of the epitaxial layes well
promising from the viewpoint of movement in the millimeter as the growth regimén particular, whether or not the sub-

TABLE Ill. Comparison of technologies for fabricating PDDs.

Lower Upper ®,, mV Yield of
Features Type of Charge of contact layer; contact layer; serviceable
of MBE substrate p* layer, cm 2 contact contact Calculation Experiment diodes, %
A n*-GaAs 1632 n*-GaAs, n*-GaAs, 372 39287 73
0.5um; 0.4um;
AuGe /Ni/Au AuGe /Ni/Au
B S| GaAs 4101 n*-GaAs, n*-GaAs, 414 52%41 86
4.5um; 0.3um;
AuGe /Ni/Au AuGe /Ni/Au
C Sl GaAs 6.5 10" n*-GaAs, n'-InGaAs/GaAs, 384 38217 96
5.0um VPE 0.15um;
+0.5um MBE; Ti/Pt/Au
AuGe /Ni/Au

Note For all the samples, the design value wasl0 nm.A andB refer to the EP1203 apparatus with no sample
rotation; C refers to the Riber 32P apparatus with sample rotation.
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FIG. 2. Design of the diode. V, mV

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

strate rotates The results of a comprehensive comparison of
various methods of growing PDD structures is shown in
Table III. It is evident that the last versigpechnologyC) relatively weak dependence of the capacitance on the voltage
excels the first twgtechnologiesA andB) in terms of the and a low barrier height in comparison with the GaAs-based
main parameters. SBDs. The technology developed here ensures high unifor-

PDDs suitable for use in balance mixers of the 3-cmmity of the parameters of the individual diodes, which is
range were developed in the course of this study. Workingespecially important in implementing balance mixers. The
devices have been implemented in the form of a monolithidigher sensitivity of the PDDs at low signal powers makes it
diode pair(two diodes in one crystalA planar design based possible to use them in mixers with a low heterodyne signal
on a semi-insulating substrate with insulation by air bridgedevel. A comparison of the Doppler noise of balance mixers
is used in this cas€Fig. 2), making it easy to keep the active fabricated using GaAs-based SBDs and PDDs showed that
regions small and minimizing the stray capacitance. Théhe PDDs reduce the low-frequency noise level by a factor of
working epitaxial structure was grown on an AGChP-8 semi-1.5—-2 and are as good as the best commercial Si-based SBDs
insulating gallium arsenidéS| GaAg substrate, using tech- in terms of this parameter. The mixers based on PDDs en-
nology C, and consisted of the following layers: a burigd  sured that the given value of the conversion factor for het-
layer 5um thick (grown by VPB, ann* layer 0.3um thick,  erodyne powers was a factor of 3—4 lower in this case than is
an undoped layer 150 nm thick, @ layer 10nm thick required when GaAs-based SBDs are used.
doped with Be Npo=7x10"cm™3), an undoped layer In summary, a technology has been developed for fabri-
60 nm thick, and an upper contact layer with a total thicknesgating structures based on gallium arsenide with planar-
of 0.15um. The diameter of the mesas was A, while  doped barriers by MBE, and a design and technology have
that of the upper ohmic contact was afn. Peroxide—
sulfuric-acid and peroxide—ammonia etchants were used to
fabricate the mesa structures. The devices were passivated b 3000
silicon dioxide obtained by plasmochemical deposition. The
lower alloy ohmic contact was created by using AuGe/Ni/ 2500
Au metallization, while the upper nonalloy contact used Ti/
Pt/ Au. The process of fabricating the device was completed
by forming the second metallization based on Cr/Au, gal- 4
vanically growing Au, etching the air bridges, and separating =
the crystals. The design and the diode-fabrication process~ 1500
described here are potentially suitable for millimeter-range
devices(made in unpackaged form, with beam leads 1000

To adequately evaluate the characteristics of the PDDs,
GaAs-based SBDs with an active layer O thick, a dop-
ing level of (5-6)x10%cm 3, and a barrier electrode
10um in diameter were fabricated using a similar technol-
ogy. Figure 3 shows the |-V characteristics of the diodes,
while Fig. 4 shows the dependences of the rectified cuitrent
on the MW signal poweP;, with detection in the zero-bias

regime(load re_SiStance 100). _ FIG. 4. Comparison of GaAs-based diodes operating in the zero-bias detec-
These studies show that the PDDs are characterized bytér regime:1—PDD, 2—SBD.
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Suppression of Auger recombination in diode lasers utilizing InAsSb/INAsSbP
and InAs/GalnAsSb type-Il heterojunctions
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The results of a comparative study of the temperature dependence of the threshold current, the
differential quantum efficiency, and the polarization of light are reported for type-I and

type-Il InAsSb/InAsSbP heterostructures and for a tunneling injection laser utilizing a type-ll
GalnAsSb/InGaAsSb separate-confinement heterojunction. The theoretically predicted
suppression of nonradiative Auger recombination in type-ll INnAsSbh/InAsSbP lasers with a large
ratio of band discontinuities at the interfadd, /AE.=3.4 is verified experimentally.

Weakening of the temperature dependence of the threshold current is established for both type-II
laser configurations. The maximum working temperatirgs=203 and 195 K and the
characteristic temperaturds=40 and 47 K are attained fdrespectively a conventional type-I|
INAsSSb/INASSbP laser and a typepHGalnAsShh-InGaAsSb tunneling injection laser.

© 1999 American Institute of Physids$$1063-782609)02103-1

In recent years there has been growing interest in thand the fabrication of quantum-cascade lasers operating on
design and study of long-wavelength lasers utilizing 11l-V intersubband transitior’s.” At present, two types of lasers —
compounds for the spectral range=2—5 um, which have conventional bipolar and gquantum-cascade unipolar — are
a promising potential for high-current laser diode spectroson a par in terms of their optical power parameters and
copy and ecological monitorin? So far, however, long- threshold currents. The major advantage of bipolar lasers uti-
wavelength lasersh\(>3 um) operating on interband transi- lizing double heterostructures is the relative simplicity of
tions at room temperature are nonexistent. Projects on thileir structure and fabrication technology, which is of utmost
design of long-wavelength lasers operating at high temperamportance for the practical application of such devices.
tures are currently in progress at several leading scienc@/ith a decrease in the width of the band gap, however, non-
center$™’ Infrared lasers constructed on the basis ofradiative Auger processes begin to prevail in conventional
InAsSb/InAs, GalnAsSb/InAs, and AlGaAsSb/InAsSb interband-transition laser structures utilizing narrow-gap
double heterostructures grown by liquid-phase epitaxy]ll-V compounds®
molecular-beam epitaxy, and vapor-phase epitaxy from orga- In this study we confirmed experimentally a theoretical
nometallic compounds have been operating to date in thprediction of the suppression of Auger recombination in
continuous-wave regime up to a temperatlire120K and long-wavelength, type-1l heterojunction laser structures. We
in the pulsed regime up td=255K. Consequently, the de- also conducted a comparative study of type-l and type-II
sign of mid-IR lasers operating close to room temperaturdaser heterostructures and a comparative analysis of their Au-
poses an important problem. ger recombination rates.

Several physical factors are responsible for limiting the
operaﬂqn of Iong-wavglength Iasgrs at high tgmperaturesT.HEORETICAL ANALYSIS
The main factors affecting the maximum operating tempera-
ture of a laser are:)aAuger recombination; bintraband We consider the schematic band diagram of a type-II
absorption of radiation; )ccarrier heating processes. Auger heterostructure with quantum wellBig. 1). Two Auger re-
recombination exerts the most powerful influence on thecombination processes are dominant in type-Il heterojunc-
temperature dependence of the threshold current. This praions: 1) the CHHS Auger process involving an electron and
cess is predominant over radiative recombination in bulka hole with transition of the hole into a SO-split-off bandl; 2
narrow-gap semiconductors of the type InAs, GaSb, andhe CHCC process involving the transition of a hot electron
their solid solutions with a “resonant” band structure, whereinto the conduction band. The CHCC process prevails over
the width of the band gaR, is close in energy to the spin- the CHHS process if the following condition is satisfied:
orbit (SO splitting of the valence band, (Ref. 8. Several
physical approaches have been proposed in recent years to
suppress Auger recombination processes in narrow-gap hetthereA, is the magnitude of the SO splitting of the valence
erostructures and to improve the temperature characteristit®and,E, is the effective width of the band gap, ang and
of long-wavelength lasers. These approaches include the am, are the effective masses of the electron and the hole in
plication of strained-layer structures, type-ll superlatticesthe SO-split off band, respectively.

(Eg—Ago)/Eg>mc /Mg,

1063-7826/99/33(3)/5/$15.00 350 © 1999 American Institute of Physics
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FIG. 3. Calculated temperature dependence of the threshold current density
Jin of @ type Il heterojunction laser structure fdj=V, (1) andV,=3V,

FIG. 1. Band energy diagram of a type-Il heterostructure with quantum - : .
wells: (1, 2) initial states of particles in recombinatio8, 4) final states: (2). The calculations have been carried out for a square quantum well with

H andE are the two possible channels of electron-hole recombination. ~ Well and barrier dimensiona=b =280 A.

In type-II heterostructures, where the band discontinui/, /V., the ratio of the radiative and nonradiative recombi-
ties have the same sign, nonequilibrium electrons and holasation ratesR/G has a maximum at the value &f,/V,
are spatially separated, existing on opposite sides of the hetvhereG passes through a minimum.
erojunction. Consequently, the radiative recombination of It has been showfl that the contributions to the Auger
nonequilibrium electrons and holes becomes possible whetmansition matrix elementM) from the two recombination
they tunnel through the heterojunction. This means that twehannelsE and H are of the same order of magnitude be-
recombination channels can exist in such structures:Ehe cause of the mutual conversion of light holes and heavy
channel, where a tunneling electron recombines with a holéoles when they interact with the heterojunction. These con-
in a quantum well, and thid channel, where a tunneling hole tributions toM have opposite signs and cancel each other. As
recombines with an electron in a quantum well. As a resulta result, the matrix elemem of the Auger recombination
as shown in Ref. 9, the amplitudes of the two channels inprocess in type-Il heterojunctions has an additional smallness
troduce a destructive contribution in the Coulomb interactiorof the order of[Tm,/V.m.]¥?<1, whereT is the lattice
matrix element and, hence, in the Auger recombination rateemperature, anthy, is the effective hole mass. Since the two
Here the Auger recombination rate becomes a nonmonotoniecombination channels interfere destructively, the end result
function of the heights of the heterojunctions for electronsis a reduction in the Auger recombination rate in type-Il
(V¢) and holes ¥,). For a specific ratio betweéw, andV, heterostructures. This conclusion is corroborated by the deep
the Auger recombination rate has a minimum, as demonminimum for the Auger recombination rate in the depen-
strated by the theoretical curve in Fig. 2. For real heterostrucdence ofG onV, /V, (Fig. 2). It is important to compare the
tures the minimum shifts toward smaller ratdg/V.. Since  Auger recombination rate in type-1l heterostructures at the
the radiative recombination rat® depends weakly on minimum (G™") with the same rate in a type-I heterostruc-

ture (G)):
G™mn ( T mh)?’vC
0.51 ~— | —=<
i G \Vemg/] Eq
04} In contrast with type-I heterostructures, therefore, appre-
ciable suppression of the Auger recombination process is
0.3f possible in type-Il heterostructures. On the other hand, the
g : radiative recombination rates are comparable for type-l and
02} type-Il heterojunctionsR /R~ 1.
: Consequently, our theoretical analysis shows that the ra-
0.1} tio of the radiative recombination rat®() to the nonradia-

A tive Auger recombination rate in type-Il heterostructures can
00l v oy have a sharp maximum, which, in turn, depends on the ratio
01 2 3 4 5 6 7 of the barrier heightd/. andV, at the heterojunction. We

VIV, can therefore lower the Auger recombination rate signifi-

cantly by a suitable choice of parameters for the type-Il het-
FIG. 2. Dependence of the ratio of radiativR) and nonradiativelG)  erostructure. Accordingly, the temperature dependence of the

recombination rates on the ratio of the barrier heights in the valence an .
conduction bands at the heterojunctidp/V, . The calculations have been ternal quantum efficiency+f) and the threshold current

carried out for a square quantum well with well and barrier dimensionsd€nsity Jy,) also depend strongly on the ra_t}bu IV, as
a=b=80 A, T=250 K. shown in Figs. 3 and 4Ref. 11. We have verified the sup-
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FIG. 6. Schematic diagram of the structure of a tunneling injection laser
with a p-GalnAsShh-InGaAsSb separate-confinement type-Il heterojunc-
pression of Auger recombination experimentally in the ex-tion in the active region.
ample of long-wavelength InASh/InAsSbP laser hetero-
structures with type-l and type-ll heterojunctions between_ . . - ;
. . . active region were grown by liquid-phase epitaxy on
the active layer and the cladding layers, along with type I

2 ; : _
GalnAsSb/InGaAsSh heterostructures. InAs(lOO) substrated? The a(?tlve region of these lasers con
sisted of two quaternary solid solutions Galn,As,Sh,
one wide-gap X=0.17, y=0.22) and the other narrow-gap
EXPERIMENT

(x=0.83, y=0.78), which formed a separate-confinement

Two types of INAsSh/INASSbP heterostructure lasergype-Il heterojunctionFig. 6). The layers of the solid solu-
with separate electron and optical confinement were growition InA, .Sk, 1P, 26 Were used to improve the optical con-
by liquid-phase epitaxy on InA%00 substrategFig. 5. In  finement. This structure was invested with good electron
one of the structures the active layer formed a type-Il heteroeonfinement by high barriers at the heterojunction
junction with cladding layergFig. 5a; the second structure (AE.=640meV andAE, =420 meV.
had a type-l heterojunctioffig. 5. Electron confinement Mesa stripe lasers were fabricated by standard lithogra-
was provided by InAs layers in the first case and byphy with a stripe width of 1%m and a cavity length of the
INASy .Sy o6P0.1 1ayers in the second case. The compositionorder of 35Qum. All the types of laser structures were in-
of the active region and the optical confinement layers wereestigated in the pulsed regime with a pulse length of
identical for both  structures (InAsgesShhos and  100-500 ns and a repetition rate of H in the temperature
INASy 5Shy 16034, respectively. The band discontinuities range T=77—200K. The temperature dependence of the
(AE; and AE,) at the heterojunctions between the activethreshold current, the differential quantum efficiency, and the
region and the cladding layers in the type-Il lasers were sgpolarization of radiation in the spontaneous and coherent re-
equal toAE.~15meV andAE, ~52meV, i.e., their ratio gimes were investigated.
was AE, /AE.=3.4, which should correspond to the mini-
mum Auger recombination ra” (Fig. 2. RESULTS AND DISCUSSION

"? addition, tl\lNg t}llpzs g;/tlunc?aexngstljnjhedlon_ Iase_rs Ir_]corr]_ Type-l and Type-Il Heterostructures Based on an InAsSb/
porating a type-Il GalnAsSb/In s eterojunction in the,;rccpp Heterojunction

We have set ourselves the objective of investigating the

characteristics of laser structures with various ratios
4 1 AE,/AE,. It has been showfi that the maximum suppres-
sion of nonradiative Auger recombination is attainable for a
ratio AE,/AE.~3—4. In addition, increasindAE, has a
positive effect on the localization of holes in the active re-
gion of the laser structure, an important asset in relation to
lasing near room temperature. We have investigated the tem-
AE. =39 meV perature dependence of the threshold cur(Eig. 7) and the
AE,= 52 meV ! differential quantum efficiencyFig. 8 on the structures

_ o shown in Fig. 5. While a characteristic temperatilige= 35
FIG. 5. InAsSb/_InAsSbP I_aser str_uctur@).wnh a type-Il he_terOJgnctlon at —40K and limiting working temperaturd@,,=203 K are
the interface with the active regiofip) with a typ-I heterojunction at the ) . .
interface with the active region;(1) layer of solid soluton attained for the type-Il INAsSb/InAsSbP heterojunction laser

INASy 5.5y 1P03; (2) INAS; (3) INAS 65k o5; (4) INAS) 6.5k 0P 1 - (Fig. 7, curve2), the same characteristics for the laser struc-
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100 temperature for type-ll heterojunction lasers with
: AE, /AE.~3. This experimental result is, in our view, di-
= 00° rect confirmation of the theoretically predicted! mecha-
10k & o° 0’. nism underlying the suppression of Auger recombination at a
3 type-1l heterojunction.

* To compare the roles of type-l and type-Il heterointer-

i o * faces in radiative recombination processes, we have investi-
s o °° gated the polarization of the laser beam. We have uncovered
. an appreciable TM-polarization contribution in both types of
[ laser structuregthe vectorE is perpendicular to the plane of
Ol the p-njunction). The degree of polarization is determined

80 100 120 140 160 180 200 from the standard relation

T, K

2
Jy kA/em
]
(o]
o
®
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V)
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FIG. 7. Temperature dependence of the threshold cudtgfar three types
of laser structures(l) InAsSb/InAsSbP laser with a type-l heterojunction

(Ty=25 K, T;»=160 K); (2) type-ll INnAsSb/InAsSbP heterojunction laser L .
(To=40 K, T;r,=203 K) with a type-Il heterojunction(3) GainAssb/  WherePry andP+g are the radiation intensities for TM- and

InGaAsSb laser with a type-Il heterojunction in the active region TE-polarized light, respectively. The maximum valuesaof
(To=47 K, Tj»=195 K). are 80% and 73%at a current)~1.5Jy,) for type Il and type
| heterostructures, respectively. It has been sHéwrat TM
polarization is typical of indirect radiative transitions associ-
ated with carrier-heterojunction interaction.

We can conclude, therefore, that interface recombination
is predominant in the temperature interval 77-120K in la-

ture utilizing a type-l heterojunction arg,=25—-28K and
Tim=145K (Fig. 7, curved). It is important to note that the
absolute values of the threshold currdgtand the quantum
efficiency » for both types of laser structures are close at

T=77K, but their temperature dependences differ markedIytsﬁésa\gt'it\?earneggﬁ'gnlgpt‘f]es?:/I!‘(ﬁ;’fgTacggrojuncnon between

A S|gn|f|c§1nt dlfferenc_e for the two investigated types of We have estimated the Auger recombination coefficients
structure is observed in the temperature dependence of tf(\)(?t o1 and tvpe-I laser heterostructures by comparing the
differential quantum efficiencyFig. 8. While ~20% for yp yp y paring

theoretical results with the experimental data. The threshold

both types of structures at a low temperatyvd K), for e .
: . . . currentJy, can be specified in a form that takes into account
type-l heterojunction lasers it drops more steeply with the L S L
o . . the contributions of radiativeJg,) and nonradiative J,)
temperature, indicating a sizable contribution from the non- o
L . recombination:
radiative Auger process. For example, when the working
temperature is raised to 120 K, the quantum efficiency in the

type-Il heterojunction structures is four times its value for

type-l heterojunction Iqsers. A c_ompari.son of the two typesynere Ry, and G, are the two-dimensional radiative and
of laser structures having an active region based on a type-Uyger recombination rates, respectively. At high tempera-
heterojunction with different ratiodE,/AE reveals sub- { e (T>150K), where the main contribution to the current

stantial weakening of the temperature dependence of thg fom the Auger process, the threshold current is
threshold current and the attainment of a higher working

‘J'[hN e( Rph+ GA) = Jph+ ‘JA y

Jin~JIa=eCa(ny)?,

- B
1.0 . where C, is the Auger coefficient, anah, is the two-
I \. dimensional concentration at the lasing threshold. The char-
0.8 [ \. acteristic temperaturg, is now determined from the relation
£ | . 1To=d(InJg)/dT.
5 06} . 0 th
'?; .'. Using the experimentally determined threshold currents
= 04} n . 2 in type-l and type-Il heterostructures, we have estimated the
\ 1 . values of the two-dimensional Auger recombination coeffi-
] L4 cients atT=160K:
02 B \ *
. * Ch~2x10 *cmf/s and Ch~4.6x 10 ®cnf/s.
00 f ISTI NI SN ATV NN U TU BV UUE A WA N S N |
80 100 120 140 160 180 Thus, Auger recombination is suppressed by the factor
T, K Cl\/Ch~4.4 in type-Il heterostructures. This reduction is fur-

FIG. 8. Temperature dependence of the differential quantum efficiency fo;[her CorrOborateq by an increase in the quamum. emCIenCy
the two laser structures shown in Fig. &) type-I heterostructuret2) ~ and a decrease in the threshold current by approximately the

type-Il heterostructure. same ratio.
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Laser Utilizing a Separate-Confinement Type-Il 1-GalnAsSb/ CONCLUSIONS
InGaAsSb Heterojunction with an Improved Temperature . . .
Characteristic We have carried out comparative studies of laser hetero-

. . . ) structures utilizing type-1 and type-Il heterojunctions in the

As mentioned in the description of the experiment, Wegystemg of solid solutions INAsSb/INAsSbP and GalnAsSh/
have fabricated a tunneling injection laser structure UsiNg GaAsSh. We have observed experimentally the theoreti-
a separate-confinement type{-n heterojunction in the .oy nredicted suppression of Auger recombination in laser
system of solid soIgUons p'Qa)-BénO-lASO-ZZSQJﬂ with a type-Il heterointerface. The suppression of Auger re-
N-1N 6458 1S 765 22 (Fig. €). We first described the con- ., yination produces a substantial increase in the quantum
cept and initial implementation of this type of laser in Ref. gtficiancy and raises the working temperature of laser struc-
13. As expected, the asymmetric structure of the band disyes nased on a type-Il GalnAsSb/InGaAsSb heterojunction.
continuities and the large heights of the cutoffs in the conyye haye estimated the Auger recombination rate constants

duction and valence bands at the heterojunction, yne | and type-Il heterostructures. We have shown that
(AE;~640meV andAE,~420meV endow such a struc- ,nagiative Auger recombination can be controlled within
ture simultaneously with good electron and hole confine-

) 2 i o . “reasonable limits by the right choice of heterostructure pa-
ment. Since the principal mechanism of radiative reCOmb'nafameters{relative heights of the barriers at the heterojunction

tion in the structure is tunneling radiative recombinationboundaryAE andAE,). The working temperature limit of

. . C v/*
through quantum states at the type-Il heterojunction, we eXyn 4 \vavelength lasers can be raised to room temperature or
pected to see the suppression of Auger recombination and\gqe by further optimizing the laser structure with allow-
weaker temperature dependence of the threshold current Uy, o to other processésarrier leakage across the hetero-
comparison with the results of Ref. 12, in which a like-;,,ions intraband absorption, and carrier heating
carrier (p-p), separate-confinement type-Il heterojunction”  tpig \york has received partial support from the Russian
was used in the active region, and strong leakage of holeg g for Fundamental Research, Projects No. 96-17841a and
across the heterojunction created a high threshold currentyo. 98-07-90336. and from the Ministry of Science Program

Indeed, it is evident from Fig. 7 that the threshold current i”“Physics of Solid State Nanostructures,” Projects No. 96-
the investigated structure utilizing a typegin heterojunc- 1010 and No. 97-0003. ’ '

tion is four times smaller than in the previous typepHp
heterojunction laser structure described in Ref. 12. The tem-
perature dependence of the thre;holq current is weaker thapA \. Nadezhdinski and A. M. Prokfiorov, Proc. SPLE24 2 (1992
in INAsSb/INAsSSbP lasers operating in the same spectral in, A bopov, A. Baranov, V. Sherstnev, Yu. vakovlev. B. Scheumann,
terval of 3.2-3.4um atT=77 K. The GalnAsSb/INGaAsSb  Rr. Mmucke, and P. Werle, iffrogram and Abstracts of the Fourth Inter-
laser operates in the pulsed regime up to 200 K, with a char- national Symposium on lonization PhenoméFeeiburg, 1994

acteristic temperaturd,=47 K. When the temperature is A N.Baranov, A. N. Imenkov, V. V. Sherstnev, and Yu. P. Yakovlev,

raised above 150 K, the threshold current increases considela-A ppl. Phys. Lett64, 2480(1994.

. h . M. Aidaraliev, N. V. Zotova, B. A. Matveev, N. M. Stus’, and G. N.
ably (To=30K). This behavior can be attributed to the Talalakin, Semicond. Sci. Technd, 1575(1993.
threshold current contribution from the Auger process assoH. K. Choi, G. W. Turner, S. J. Eglash, and Z. L. Liau, Appl. Phys. Lett.
ciated with the transition of a hot hole into the SO-split-off 6§5'H2225h1;§392bpl Phys. Let66, 116 (1995
pa”d_(C'T'HS) and to the absorption of radiation by free car- 7J. Faist, F. Capasso, D. L. Sivko, C. Sirtori, A. L. Hutchinson, and A. J.
riers inside the valence zone. Cho, Science64, 553(1994.

An investigation of the polarization of |ight in the spon- 8B. L. Gel'mont, Z. N. Sokolova, and I. N. Yassievich, Fiz. Tekh. Polu-

; ; rovodn.16, 592 (1982 [Sov. Phys. Semicond.6, 382(1982].

taneous and coherent regimes for this laser structu_re havgé' G. Zegrya and A. D. Andreev, Appl. Phys. Ledz, 2681 (1995.
al_so der_nonstrate_d the predomman_t role of TM polarizationog. g zegrya and A. D. Andreev, ZhKkp. Teor. Fiz.109, 615 (1996
with an increase in the current. This result corroborates the [JETP75, 328(1996)].

tunneling origin of optical radiative transitions through the '*N. S. Averkiev, A. N. Baranov, A. N. Imenkov, A. A. Rogachev, and Yu.
type-Il heterojunction P. Yakovlev, Pis’'ma Zh. Tekh. Fid3, 332(1987 [Sov. Tech. Phys. Lett.

: - 13, 135(1987].
To further improve the Char?-Cte”St{CS of 1ong- 12k p. Moiseev, M. P. Mikhdlova, O. G. Ershov, and Yu. P. Yakovlev,
wavelength lasers and to elevate their working temperature Pisma zh. Tekh. Fiz.21(12), 83 (1999 [Tech. Phys. Lett21, 482

to room temperature, the design of the laser structure WiI13(1993]- _

have to be improved and other procesgesrrier leakage J. R. Meyer, C. A. Hoffman, and F. J. Bartoli, Appl. Phys. Léff, 757
across the heterojunctions, intraband absorption, and carriefc. | reiix, J. R. Meyer, I. Vurgaftman, C.-H. Lin, S. J. Murry, D. Zhang,
heating will have to be taken into account. We note that the and S.-S. Pei, IEEE Photonics Technol. L&TL-9, 734 (1997).
suppression of Auger recombination has also been observed: Hasenberg, R. H. Miles, A. R. Kost, and L. West, IEEE J. Quant.
in quantum-well laser structures utilizing type-ll C'ccton-QE-33 1403(1697.

heterojunctiong3~1° Translated by James S. Wood
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Bistability of electroluminescence in a type-ll AlIGaAsSb/InGaAsSb double
heterostructure

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

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted August 5, 1998; accepted for publication August 6, 1998
Fiz. Tekh. Poluprovodr33, 357—361(March 1999

Electroluminescence bistability is observed in a tyfAIGaAsSbp-InGaAsSh/
N-AlGaAsSbheterostructure with lightly doped cladding layers and a narrow-gap active region
(the width of the band gap &,=326 meV at the temperatuie=77 K). A current-

controlled negative differential resistance is observed in the forward branch of the current-
voltage characteristic. Strong narrowband electroluminescénakf-width ~7—10meV) is
observed at the end of the negative differential resistance interval, where the photon

energy at the radiation maximum exceeds the width of the band gap of the narrow-gap material
by 50 meV. This phenomenon is attributed to the tunneling injection and indirect radiative
recombination of carriers localized at the AIGaAsSh/InGaAsSh heterojunction. As the voltage is
increased, radiative transitions in the bulk of the active region begin to provide the main
contribution, and the radiation maximum jumps to the long-wavelength end. Tunneling injection
structures of this kind can be used to construct highly efficient current-controlled light-

emitting diodes. ©1999 American Institute of Physid$$1063-782609)02203-4

Type-Il heterostructures made from(@8)AsSb solid doped, or they were lightly doped with a Zn impurity from
solutions, which are isoperiodic with InAs and GaSb sub-the fluxed melt during growth, so that the density of carriers
strates, and InAs/Gm)Sb quantum-well structures have in them did not exceegp=1x10"cm 3. The carrier den-
been vigorously studied in recent years as promising strucsity in the Te-dopedN-AlGaAsSb cladding layers was of the
tures for the design of lasers operating in the spectral rangérder of n=4x10'cm™3. The p-type active region was
A=3—-5um (Refs. 1-4. This range contains absorption doped with Zn during growth to a carrier densip/=2
bands of many industrial gases, so that the design of suck 107c¢cm3. The band energy diagram of the AlGaAsSb/
light sources has important bearing on gas analysis and ecgyGaAsSb heterostructure is a stepped type-Il heterojunction
logical monitoring problems. A new type of tunneling injec- \ith asymmetric band discontinuities at the heterojunction

tion laser utilizing separate-confinement type |l heterojunc—AEC: 1.35 eV(conduction bandandAE, =0.2 eV (valence
tions has been proposed recently. In such a laser carriers ¥8nd, as established in Ref. &ig. 1. 0

injected into the active region by the resonant tunneling of
electrons across the heterojunction, thereby obviating th

nf:(;j.c];z; ?ﬁ:é?g??;g}iﬁ;?r:]o%c;ggn;mfr,}!t\'haesr ?(;ig rr?t?’ig standard photolithography. The electroluminescence was in-
bredi : lative Aug ! vestigated in the quasi-steady-state regime driven by current

tion can b? suppressed at a type.-II heterojunction. Al theseulses of duration 2.5 ms with an off-duty factor equal to 2.
considerations focus close attention on the study of type—lfl)_ .
he electroluminescence spectra were recorded by an

heterojunctions. . . . .
In this paper we give the results of a detailed investiga—_MDR'4 grating monochromator with a 150-line grating. The

tion of the bistability of injection electroluminescence infrared ;ignal receiver was a liquid-nitrogen-cooled InSb
in double heterostructure  lasers  utilizing  type-Il Photoresistance. o
Al,Ga_,AsSblin_,GaAsSb heterojunctions with a The current-voltag€l-V) c_haracterlstlcs and electrolu-
narrow-gap active region and asymmetric band discontinuifinescence —of  forward-biased  typ-IIP-AlGaAsSb/
ties at the heterojunction. p-InGaAsSbN-AlGaAsSb double heterostructures were in-
The investigated AlGa _,AsSb/InGaAsSh laser struc- Vestigated af =77 K.
tures with a high Al content in the cladding layers  Strong bistability of the current from the applied volt-
(x=0.63) were grown by liquid-phase epitaxy on aageU is observed in the forward branch of th&/ charac-
p-GaSbri100) substrateFig. 1a. A layer of the narrow-gap teristic of the investigated structure, and 1R¢ characteris-
solid solution 1y odGay oASy 8,5k, 15 (Width of the band gap tic is S-shaped with a negative differential resista(d¢BR)
Ey=0.326 meV afl =77 K) was chosen as the active region; interval and a turn-on voltagd ,,= 3.6 V (Fig. 2). We note
it was placed between two layers of the wide-gap solid sothat such a behavior of theV characteristic has been ob-
lution Alg gdGay 3/ ASSb Eg=1.47 meV atT=77K). Either  served previously in InAs/AIGaSb resonant-tunneling double
the P-AlGaAsSb cladding layers were intentionally left un- heterostructure$.

Mesa-stripe laser structures with a cavity length of
§50,um and a stripe width of 1Am were constructed by

1063-7826/99/33(3)/4/$15.00 355 © 1999 American Institute of Physics
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FIG. 3. Electroluminescence spectra for various bias voltagés:

U=1.1V; (2) U=1.4V; (3) U=18V, T=77K.

havior at the end of the NDR interval. Now a single band

FIG. 1. Layered profile of the band gap of the laser structareand band  having an asymmetric shape with a half-width of 7—10 meV
energy diagram of a type-R-AlGaAsSbp-InGaAsSbi-AlGaAsSb double  and a sharp short-wavelength edge is observed in the spec-

heterostructure in thermodynamic equilibriub). trum (Fig. 3. The maximum of the band occurs at a wave-

length \,=3.3um, which corresponds to a photon energy

) hv,=376 eV. It is important to note that this band is shifted

On the first part of the forward branch of thé/ char- 51565t 50 mev along the energy scale in comparison with
acteristic the total current through the structure increaseg,a width of the band gap of the active region of the laser
slowly and does not exceed 60 mA at the turn-on voltagegy,,qqre E,=0.326meV). The intensity of the observed
Faint electroluminescence begins to appear immediately af,neryminescence for the given band is comparable with the
ter turn-on (the beginning of the NDR interval, omission intensity of a diode laser at the lasing threshold.
U=3.47V). The emission spectrurfFig. 3 contains a The asymmetric shape of the emission band, its high
single band with a photon energy at the maximim,  jyensity, and the “blue” shift of the photon energy at the
=370eV (\p=3.34um) and a ,hal_f'W'dth of the order of . ovimum of the emission spectrum mandated a more de-
30meV. As the control current is increased, the \_/oltage ORailed investigation of the electroluminescence characteristics
the structure is observed to drop abruptly to 1.UNG. 2, ot 5,ch heterostructures with a view toward determining the
and strong electroluminescence sets in with a threshold b%’ossible mechanisms of radiative recombination in laser
double heterostructures utilizing AlGaAsSh/InGaAsSb
type-1l heterojunctions with asymmetric band discontinuities
at the heterojunction.

We note that the total voltage is distributed nonuni-
formly in the structure. In the investigated laser structures
the narrow-gapp-InGaAsSb active layer is bounded by
wide-gapP-type andN-type AlGaAsSb emitter layers. Based
on data from a scanning electron microscope examination of
chips of the investigated heterostructures in the induced cur-
rent regime, it has been established that a very large space-
charge region is situated in ti¢AlGaAsSb cladding layer,
i.e., a strong built-in electric field exists near the
p-InGaAsSbN-AlGaAsSb heterojunction. Consequently, an

L external bias voltage applied in the structure drops mostly
0 1 2 3 4 (about 2.0V, based on our estimatesar theN-AlGaAsSh/
u v p-InGaAsSb heterojunction, and a comparatively small frac-
FIG. 2. Current-voltage curve of a forward-biased typ@¥AIGaassp/  tion of it drops at theP-AlGaAsSbp-InGaAsSb heterojunc-
p-InGaAsSbN-AlGaAsSb double heterostructure. tion.

400 |

300 |

J, mA

200

100 F
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20 141 denly drop by one half, while the wavelength corresponding
1 to the maximum of the emission band remains constant
14.0 (Ay=3.5um). It should be emphasized that the current
L LSE _‘ 3.9 through the structure increases in this voltage interval, gradu-
- I 1~ ally approaching saturation.
S 138 & It is interesting to note that the behavior of all three
'§ 1.0 | 17 = graphs representing the voltage dependences of the current,
= ! 43.7 (<“s emission wavelength, and emission intensity exhibits an
iz . abrupt change at an external bias voltafye 1.8 V. A linear
& 5 :
;3 0.5 43.6 dependence of the current on the voltage is observed at an
= 1 external bias above 1.8V, its slope corresponding to a re-
133 sidual series resistand®,=1 (). In this case the emission
0.0 i 34 intensity in the voltage interval 1.8—2.0V increases slightly,
| approaching saturation &>2.0V. The maximum of the
-0.5 N U TR SR 33 emission band, in turn, suddenly shifts in the long-
1.0 1.2 14 1.6 1.8 2.0 wavelength direction to.,=3.8um, which corresponds to
U v the characteristic wavelength for interband radiative recom-

bination in the bulk of the narrow-gap solid solution

INg 94Gay 06A\Sp 825k 15- The shape of the observed emission
band is nearly symmetricGaussiah with a half-width of

30 meV, which is also characteristic of interband transitions.

: . It is evident from Fig. 4 that the plot of the intensity
Figure 4 shows the dependences of the emission Wave-erS s voltage has hvsteresis. When the external bias is low-
length\ ,, (curves2 and?2’) and intensitiegcurvesl and1’) Versus voltag y IS. X 1as 1S low

’
on the applied exteral bizs corresponding to the votiage. %% A0 Z6F TR FEEEE RO BEEL RS
interval on the part of thé-V characteristic after transition y

through the NDR intervalFig. 5). Three characteristic inter- sion wavelength curves repeats the behavior of these curves

. ... when the external bias is increasédrward path, curved
vals are also discerned on these curves. The emission mtenndz) in the voltage intervals 1.1-1.4V and 1.8-2.0V. In

sity increases sublinearly as the external bias is increased Ple voltage interval 1.4-1.8V, however, the electrolumines-

the voltage interval 1.1-1.4V. The maximum of the emis- . . . .
. : cence intensity decreases monotonically as the external bias
sion band shifts toward the long-wavelength end to

. is either increased or decreased.
Am=3.5um, and the electroluminescence band broadens t0 o . .
. Thus, it is evident from the experimental data that
20 meV. However, the shape of the band remains asymmeﬁhe clectroluminescence  spectrum  of an  AlGaAsShy
ric with a steep short-wavelength edge. The current throuQInGaAsSb/All(J;aiAsSb de endg stroun v on the applied exter-
the structure increases superlinearly in this voltage interval.nal bias. At the instant E))f onset ofgsﬁ erlumingsclencexthe
A further increase of the external bias in the VOItagemaximur'n of the emission band shifts upward 50 meV alon
interval U=1.4—1.8V causes the emission voltage to sud- . : . pwar g
the energy scale in comparison with the width of the band
gap of the narrow-gap layer; now the band has a highly

asymmetric profile, and its half-width is close k@. As the

FIG. 4. Dependences of the electroluminescence intefikity’) and emis-
sion wavelength\,, (2, 2') on the applied voltagé.

500 r ] 380 voltage on the structure is increaséd 2 V), this narrow
4 370 emission band gradually transforms into a longer-wavelength
450 I band hv,=326 meV) with a symmetric profile of half-
s -1 360 width of 30 meV, which is typical of interband radiative tran-
400 | 1 350 = sitions. We should add that we have previously observed
<x-5_- i i g such a “blue” shift of the electroluminescence due to the
. 350 k 1340 = strong pileup of electrons at a type-Il heterojunction in an
= ] 2 AlGaAsSb/InGaAsSb double laser heterostructure with clad-
! 4 330 ding layers containing 34% A(Ref. 10, in quantum-well
300 . structures! and in GaAs/GaAlAs superlatticés.
: 1 320 To analyze the possible mechanism of radiative recom-
250 F ] bination and current flow through the structure, we consider
I ' 310 the band energy diagram of a forward-biased type Il
200 R R S U S S 300 P-AlGaAsSbp-InGaAsShiN-AlGaAsSh heterostructuréig.
1.0 1.2 1.4 1.6 1.8 2.0 6). An electron channel exists at the typeP{AIGaAsSb/
U v p-InGaAsSb heterojunction in thermodynamic equilibritim.

fe. 5. G | A <t and denend e emisei In the given situation a two-dimensional electron gas accu-
. 5. Current-voltage characteristic an ependence of the emission en- H H H
ergy on the voltage for a type-P-AIGaASSbp-INGaAsShK-AIGaASSD Phulates in the quantum well near the heterojunction on the

double heterostructure after traversal of the negative differential resistancalde Of the_ narrow-gap semiconductor, as a result of the reso-
interval. nant transition of electrons from the deep acceptor I&yel
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narrow-gapp-InGaAsSb layer. The interface radiative re-
combination channel is dominant in the voltage interval 1.1—
201 E 1.4V, whereas in the presence of an external bias higher than

J 1.8V we observe a pattern where the main electrolumines-
E cence contribution is from bulk radiative recombination. We
therefore have an interface-to-bulk recombination switching
mechanism in the voltage interval 1.4-1.8 V.

Thus, electroluminescence bistability associated with
two distinct radiative recombination mechanisms in the ac-
tive region is observed inP-AlGaAsSbp-InGaAsSb/
N-AlGaAsShdouble laser heterostructures with lightly doped
cladding layers. When an external bias voltage is applied, the

v electroluminescence is initially governed by tunneling carrier
P-AlGaAsSb  p-InGaAsSb  N-AlGaAsSb injection and indirect(interface radiative recombination,
FIG. 6. Band diagram of a forward-biased type-R-AlGaAsSb/ ~ &cross the heterjunction, of electrons from a quantum well on
p-InGaAsSbN-AlGaAsShdouble heterostructure. The arrows indicate radia-the side of the narrow-gap layer of the InGaAsSb solid so-
tive transitions:(1) at theP_-p hetgrojunction(Z) in the p-InGaAsSb layer. lution with holes localized in the wide-gap AlGaAsSb solid
Er, andEg, are the Fermi quasi-levels of electrons and holes. . . .

solution. When high voltages are applied to the structure,
radiative transitions in the bulk of the active region begin to
provide the main contribution. Such tunneling injection

situated in the lightly doped Wide'gap SOlUtiBRAIGAASSD  girictures can be used to construct highly efficient current-
(Ep=400meV, nativeV, defect?) into the conduction controlled IR light-emitting diodes

band of the narrow-gap-InGaAsSb solid solution. This work has received partial support under the aus-

the \k;\;ﬁlnbaeﬂ ;sxftr?r?éiigsafsgﬂﬂﬁ%fAtsh;blise?;rzthuf gjrepices of the Ministry of Sciences Project “Physics of Solid
State Nanostructures” No. 96-1010.

tion increase: The top of the valence baig of the
P-AlGaAsSbsolid solution drops down, while the bottom of
the conduction band, of the p-InGaAsSb solid solution
moves upward. Consequently, the depth of the self-consis-

tent quantum wells at thB-p heterojunction increases, and

their width, in turn, decreases. In this case the quantum-wellA- N- Baranov, A. N. Imenkov, V. V. Sherstnev, and Yu. P. Yakovlev,
levels of electrons and holes are squeezed out of the quantu ppF',' T\’Ar;)k';'a;l‘;f;e?’ iﬁfﬂ%ﬁeﬁ‘ T 1 Voronina. T. S. Ladunova. b. D
wells, and the energy spacing between them increases. Th%éiséev, and Yu. P. -Yakovlev,‘Fi.z..Tekh. PoIL‘Jpr-ovc-Ja@,9678 (1§95 '
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direct (tunneling optical transitions of localized electrons 7J. R. Meyer, C. A. Hoffman, and F. J. Bartoli, Appl. Phys. L&, 757
and holes across the-p heterojunction leads to suppression (1995.
of the narrow, short-wavelength emission band. 8M. P. Mikhailova, B. E. Zhurtanpv, K. D.‘Moiseev, A N. Imenkov, 0.G.

We note that the filling of an electron level in a quantum grshov' fg§7Y;'IIPMYak°V'e‘I" g;oc,\j;cgn%s of thelg/';te”aiz 1R esearch
yvell on the _side of the narrow-gap I_nGaAsSb s_ol_id s_olution 9D?[|:—I|l.etg/:how an(?J. ,\Tétslr;%?n'qan’ A(ppl. ,;hyc:tﬁ;'& 76)7'(1'3594_ '
in our case is a resonance process induced by injection fromk p moiseev, M. P. Mikhsiova, O. V. Andrachuk, B. E. Samorukov,
the wide-gapN-AlGaAsSb solid solution across the type-Il  and Yu. P. Yakovlev, Pis'ma zh. Tekh. Fi23(9), 68 (1997 [Tech. Phys.
N-AlGaAsSbp-InGaAsSbheterojunction in the presence of a Lett. 23, 364(1997)].
forward bias. The high potential barrier created by the asym="R- Q. Yang, C.-H. Lin, S. J. Murry, S. S. Pei, H. C. Liu, M. Buchanan, and
metry of the band discontinuities at thB-AlGaAsSb/ 5 Dupont Appl. Phys. Letz0, 2013(1997. . ,

. . S. M. Cao, M. Willander, A. A. Toropov, T. V. Shubina, B. Ya. Mel'tser,
p-InGaAsSb heterojunction prevgnts any further mpvement P. S. Kop'ev, T. Lundstmm, P. O. Holtz, J. P. Bergman, and B. Monemar,
of electrons and forces them to pile up at v heterojunc- Appl. Phys. Lett.72, 347 (1998.
tion on the side of the InGaAsSb layer. We assume that th&Rr. 1. voronina, T. S. Lagunova, M. P. Mikilava, K. D. Moiseev, and
observed strong electroluminescence in our case represent¥u. P. Yakovlev, Fiz. Tekh. PoluprovodB0, 223 (1996 [Semiconduc-
the superposition of radiation from two recombination chan-  ors 30. 523(1996]. _
nels: interface(tunneling recombination through localized Eétfug;sigé;igggz' H. Obloh, J. D. Ralston, and P. Koidl, Appl. Phys.
states at theP-AlGaAsSbp-InGaAsSb heterojunction and o '
bulk recombination due to interband transitions in theTranslated by James S. Wood




o

SEMICONDUCTORS VOLUME 33, NUMBER 3 MARCH 1999

Effect of heat treatment on the photoelectric properties of Si (Zn) photodetectors
E. V. Astrova, V. B. Voronkov, A. A. Lebedev, A. N. Lodygin, and A. D. Remenyuk

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted August 30, 1998; accepted for publication September 7) 1998
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It is established that the heat treatmenipéi/pe silicon doped with zinc at a high concentration
(Nz,~2% 10 cm?®) in the temperature range 4550 °C induces inhomogeneities of the
electrical conductivity, which are detrimental to the stable operation of an ionization image
converter. Their formation leads to a marked incre@semuch as $3fold) in the
photoconductivity, a variation of its spectral curve, the onset of slow relaxation of the photocurrent
and a persistent conductivity, and current filamentation. The observed phenomena can be
explained by a model based on the spatial separation of carriers, where the recombination of
nonequilibrium holes with negative charged zinc centers is prevented by potential barriers
formed by these inhomogeneities. It is postulated that the inhomogeneities of the potential in
p-type SiZn) are the result of a redistribution of zinc centers in the crystal with the

formation of i-type inclusions in thg-matrix. © 1999 American Institute of Physics.
[S1063-782609)02303-7

INTRODUCTION SAMPLE PREPARATION

It has been established that a zinc atom occupying a Silicon prepared by the floating-zone method and doped
lattice site in silicon exhibits the properties of a deep, doublywith phosphorus, with a resistivity=300() - cm (phosphor-
charged acceptor, producirg;,; (E,+0.3eV) and Ez,, us concentratiolNp=1.7x 10"3cm™3), was used for the zinc
(E,+0.6eV) levels in the band gabThe phenomenon of doping operation. Zinc was diffused into wafers of diameter
low-temperature T<100 K) impurity photoconductivity in- 30 mm in an evacuated cell at a temperaflire1180 °C and
volving the Ez,,; level has found applications in the design zinc vapor pressure of 2 atm. The cooldown rate-t600 °C
of highly sensitive near-infrared photodetectdfsin the  was~8 deg/s. During the diffusion period=29 h the wa-
same category are ionization image converters capable &r, having a thickness of 1 mm, was uniformly saturated
transforming thermal radiation from an object into visible with zinc® at a concentration-2x 10*cm™2, which is close
light.*° The operating principle and capabilities of this typeto the maximum solubility. The conductivity changed to
of thermographic system are described in Ref. 6. p-type, the silicon acquiring a low resistivity at room tem-

The converter is a gas-discharge device with two elecperature p=12—18()-cm atT=300K) and a high resistiv-
trodes(one a zinc-doped silicon plate, and the other a glasity at a low temperature f=10%Q-cm at T=77K). We
plate with a transparent conducting layéo which a high dc  refer to this material from now on gstype SiZn). To form
voltage is applied. The discharge gap of thicknes90um  a transparent ohmic contact, borofi Bons were implanted
is filled with a gas at below-atmospheric pressure. The phoin one of the surfaces of the wafer before and after Zn dif-
tosensitive silicon electrode determines the local current derfusion. In the first case the boron was activated during dif-
sity and luminance of the gas discharge. The luminance ifusion annealing, and in the second case the sample was
the visible part of the spectrum is proportional to the localsubjected to an additional 20-s pulsed photon anneal at
variation of the conductivity of silicon. In the presence of aT~1050 °C. The metal ring used to attach the photodetector
high electric field§~5x 10° V/cm the semiconductor must to the voltage source in the gas-discharge cell was brazed at
operate as a linear resistive electrode and be extremely ha-temperature of 450650 °C.
mogeneous. When zinc-doped silicon(Z3i) is used, un- The functional readiness and main parameters of the
stable burning of the discharge with the formation of currenfphotodetector were determined by placing it in a gas-
filaments in the form of bright luminescent dots is observeddischarge chambéFig. 1). Light from an incandescent lamp
in the ionization system in a number of cadé¢sgether with was focused onto the silicon plate from the side of the
a long afterglow. It has been sholmhat the discharge zone p™-contact, and a uniform illumination was created, its in-
merely has a passive role in the formation of the currentensity regulated by means of neutral filters. The photodetec-
filaments, and the observed instabilities are caused by inhder was cooled down td =85K, and a voltag&/.<1000V
mogeneity of the semiconductor. Our objective in this studywas applied between the electrodes. The operating regime of
was to investigate the conditions and causes of the onset tfie system was such as to maintain the burning of a
the inhomogeneities and time lags, which deter the utilizaTownsend discharge with a constant voltage dre00V
tion of SiZn) semiconductors in ionization image convert- across the gas-discharge gap. The criteria of functional readi-
ers. ness of the photodetector were uniform luminescing of the

1063-7826/99/33(3)/7/$15.00 359 © 1999 American Institute of Physics
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8 7 & tens of seconds, along with a persistent conductivity after the

\ \ \ light is turned off; the behavior of such photodetectors is
different in different spectral regions. For example, while the

“dark” current (at V=500V) has the valuej,,=2.7

X 10~ 8 A/em? before illumination, after exposure to light of

intensity ~10~3W/cn? through a Si filter it increases to

jor=1.1x10"°Alcn?; i.e., by a factor~4, and remains

constant until the sample warms (gersistent conductivity

55 When a Ge filter is used, the postillumination “dark” cur-

<— rent returns to its initial value.

The increase iR and j, after heat treatment is accom-
panied by the onset of inhomogeneities of the resistivity of
the material. The luminescence of the gas discharge provides
—— a means for recording this inhomogeneity. It should be noted

RI, that a luminescent dot of diameterl mm, which is evi-
dence of current filamentation, not only occurs when a cer-

FIG. 1. Schematic representation of the ionization image conveiter:  tajn threshold voltage is applied, as described in Ref. 7, but
incandescent lamp(2) lens; (3) p-Si(Zn) electrode;(4) gas-discharge

chambery5) power supply(6) mesh filters(7) transparent electrodég ) a_ISO shows up in many cases upon increasing the light inten-
gas-discharge gaj, is the load resistance. sity at a constant interelectrode voltage. Subsequent anneal-
ing in the temperature range,=450—-650 °C causeR and
jp to increase smoothly at first and then to rise sharply.
discharge over the entire area and linearity of the current- Consequently, heat treatment of theype SiZn) pho-
voltage(l-V) curve and the current-illuminance cur¢@IC).  todetector produces the following changes:

[GUIG |

B i
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The power-current sensitivitR of the detector was deter- » The dark current density and the photosensitivity in-
mined from the slope of the CIC at an interelectrode voltagecrease.

V=800V (i.e., 500V on the Si wafgr The dark current, * In the transparency range of the Si filter the photore-
more accurately called the background current by virtue oponse rises slowly and decays even more slowly.

the high sensitivity of §Zn) to room-temperature thermal « Instability emerges in the form of inhomogeneity of the

radiation, was determined at the same voltage with the lighturrent through the photodetector.

source turned off. The dark current densjty nonetheless The sensitivity of a photoresistor in the impurity region

served as a useful parameter for characterizing the photodef the spectrum is determined by the density of light-

tectors in the presence of identical background illuminationgenerated free charge carriers, which are free Hpleis our
case. For the simple model in which a single acceptor level

EXPERIMENTAL RESULTS E, and a compensating donor leve},, completely ion-

_ _ ized at the given temperature, exist in the band gap, the hole
It has been established that the “dark” current dens'tydensity for the lowest excitation levePis

jp and the photosensitivitiR increase as a result of the heat

treatment of a $Zn) photodetector during preparation of the Nzn1 Kg| Ezm
contacts. Table | shows data obtained for wafers from eight P~ Np -1 oo TN expg -5
batches of photodetectors before and after heat treatment, PTP

one wafer from each batch. Despite the scatter of the paramvhere Kg is the photoionization cross section of the®zZn
eters from one batch to the next, the general pattern is coreenter,o, is the hole capture cross section of Z is the
stant. Photodetectors having a high photosensitivityhole thermal velocityN, is the density of states in the va-
R=2 A/W (V=500 V) exhibit slow growth and decay of the lence bandE,,;=0.3eV is the ionization energy of a ¥n
photocurrent with characteristic times of the order of severatenter, and is the extrinsic light intensity. The first term in

: @

TABLE I. Effect of heat treatment on the parametergdf/pe Si{Zn) photodetectors.

After photon anneal After metallization

Plate After Zn diffusion (1050 °C, 20 (450-650 °C, 26-30 min)
No. jp, 1008 Alem?> R, AW j,, 10 Alcm* R, AW ib, 1078 Alcm? R, AIW
7-10 0.9 0.33 2.1 0.6 5.6 3.0
8-2 0.15 0.08 0.92 0.37 1.8 1.0
9-1 0.16 0.77 2.1 0.91 500 reject
62-8 1.6 0.31 0.44 0.10 24 24
10-1 0.18 0.12 0.52 0.29 3.8 2.0
11-1 0.18 0.14 0.7 0.26 6.0 3.1
13-1 0.16 0.07 0.56 0.15 13 0.9

14-11 0.13 0.02 0.64 0.15 4 2.7
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the brackets gives the hole density due to competing photo
excitation and reverse trapping by negatively charged cen
ters. The number of the latter depends on the degree of conr
pensation of the material, i.e., the density of donors. The
second term characterizes thermally ionized holes. Estimate
show that the density of the latter is smatt {07 cm™3) at
T=85K and can be disregarded. Sindg,,;>Np, from Eq.

(1) we obtain

0
. Nan Kpl

:NanKgITp, (2)

)

p

where 1-p=(vp<r,§ND)*l is the hole lifetime, i.e., all other
conditions being equal, the photosensitivity is determined by
the ratio of the number densitiés,,; /Np rather than by
their absolute values. Subjecting the supersaturated solid scg,
lution of zinc in silicon to additional anneals, ostensibly one =
might expect the concentration of electrically active zinc to
decrease and, accordingly, the photosensitivity and dark cur
rent to decrease as well. However, the opposite pattern i
observed, leaving no choice but to assume that the degree «

ND UpOo

(jpr , arb. units

1_

compensation by annealing decreases. or
ADDITIONAL EXPERIMENTS
. -7 1 1 ' 1 2 1 1 1 1
To find the cause of the observed phenomena, we havi 0.2 0.4 0.6 0.8 1.0
conducted further experiments to: measure the capacitance hy , eV

voltage (C-V) curves of SiZn,B) Schottky diodes initially FIG. 2. Spectral dependence of the photocurrentiSi(Zn) sample with-
doped with boron =10 -cm and 4Q) -cm) and saturated out annealing(1) and after annealing &af,=600 °C for various anneal
with zinc in the same technological process as the photodeimes:(2) t,=20 min;(3) 30 min;(4) 50 min;(5) 60 min; (6) 70 min.
tector wafers; investigate the photoconductivity spectra, itd =77 K, £=10° Vicm Inset: variation of the “dark” current during an-
kinetics, and the impurity photoconductivity extinction spec-"¢ing of the same sample.

tra in intrinsic light.

To measure the photoconductivity spectra, samples witliook place in silicon samples with a boron concentration
dimensions 184X 1 mm were cut from $Zn) wafers and  <2x10"°cm™3, and they acquired a high resistivity. Com-
were then etched in SR-4 and treated in HF to lower th@ensaﬂon was reduced by annea”ng at][!st:400°c' as is
surface conductivity. Ohmic contacts were prepared by rubtypical of iron with its low thermal stability, whereas the
bing the metal with Ga-Al pencil. The measurements werejonors in the $Zn) samples exhibited stability under heat
performed in the longitudinal photoconductivity regime, i.e.,treatment up td,=800 °C. The detection of zinc donors in
with the light and the current in the same direction. The lightSj(zn,B) has been reported previously and was attributed to
intensity did not exceed ®phot/cnf-s. The measurement the level E,—0.11eV (Ref. 10. A level with energy
temperature wa$ =77 K. The photocurrent was determined g_—(0.41-0.49) eV has also been observed in several
as the difference between the current in the illuminated andtudied’~**and can be attributed to interstitial zinc. Boltaks
nonilluminated sample with a voltage of 100 V applied to theet al!® have detected two zinc donor levéis—0.1 eV and
latter, corresponding to a fielf=10° V/cm; the difference E_—0.4 eV formed by the decay of a zinc-silicon solid solu-
was normalized to a constant number of incident photons. tion at 900 °C. It is also known that zinc tends to form donor-

These studies have shown that the spectrum of energicceptor pairs with transition metafsThe donor centeb,
levels in Si{Zn) is far more complicated than in the model could well be an iron-zinc complex.

discussed above. In addition to zinc acceptors, donor centers Besides the donor levels, a new deep level with an en-
Dy are formed in the material after heat treatment; their denergy of 0.6 eV appears ip-type S(Zn) after heat treatment.
sity, determined from theC-V curves, is Np =5.8  Figure 2 shows how the spectrum of the photocurigpbf
X 10*cm 2. It is evident that the density of the generateda sample vacuum-annealed B= 600 °C varies as the an-
donors greatly exceeds the phosphorous doping level of theeal timet, is gradually increased, and the inset in the figure
original material. shows the corresponding values of the dark currgnt
One of the most abundant unmanageable impurities in SClearly, the original spectrum has one step at a photon en-
is iron, which produces a deep donor letigH0.4eV inthe  ergy hv=0.3eV corresponding to photoionization of the
band gap. To test whether the donors observed ifZ8) are  Zn”~ level, consistent with a wealth of data on the photo-
iron centers, the silicon was heat-treated and hardened undeonductivity ofp-type Si{Zn) (see, e.g., Refs. 17 and)1&n
the same conditions as when doped with zinc. Compensationcrease in the anneal time causes the photocurrent to in-
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crease over the entire spectral rarftge=0.3—1.1eV. Be- 11L
ginning with an anneal time of 50 min, the spectrum acquires )

a very pronounced second stephat=0.6 eV, signaling the B

onset of yet another level. As annealing progresses, the pho 1.0 - #
tosensitivity in the short-wavelength region increases at a =

higher rate than in the regidnw< 0.6 eV, attaining 1btimes 09k

the initial value for an anneal time of 120 min. The “dark”

current increases by five orders of magnitude in this case. A
test has shown that not only the background current, but alsc ~ 8-8
the dark current measured with total shielding against back- =

I3

ground radiation increases enormously as a result of anneals £ 0.7k 120
while the hole density differs from the calculated value by ~ i
several orders of magnitudep€10°—10°cm 3). These .& 100
data indicate that the zinEz,; level (with an activation 061 © 80
energy of 0.3eVis joined in the band gap by the onset of - & 60:
shallower acceptor levels. Tlg +0.23 eV andE, +0.33 eV 05k B
levels have in fact been recorded in(Zi,B) by deep-level | 4oL
transient spectroscop§DLTS).2*9 Their concentration un- 20l '
dergoes significant changes during heat treatment: The num 0.41 0 5 7'0 '1'5 3'0'215
ber of centers with activation energy 0.23 eV increases dur- - (1), arb. units
ing anneals aflf,<<500°C and decreases at,>500°C, 0.3+
while theE,+0.33 eV level vanishes after heat treatment at A I 1 ! ) L L L !
T.>400°C(Ref. 20. g 50 100 150 200

We call attention to the fact that the rise and decay ki- tys

netics of the_ phOt(_)CU”ent in the samples after prolonged heg{g. 3. Rise kinetics of the photocurrent ipaSi(Zn) sample after anneal-
treatment differs in the two spectral randges>0.6eV and ing at T,=600°C for t,=70 min and various light intensities,

hv<0.6eV. The process is slow in the short-wavelengthh»=0.79 eV. The photocurrent is normalized to its steady-state viglue
range, with a characteristic time of tens to hundreds of sedor each intensity: (1) Io; (2) 41o; (3) 9l; (4) 16lo. Inset: (jfpendence of
onds(see Figs. 3 and)4and it is fast in the long-wavelength the photocurrent rise time, on the reciprocal light intensity =, T=77 K.
range. The increase in the photocurrent in the short-
wavelength range once the light is turned on is well de- ith IR
scribed by an exponential law, and its decrease after remov%

of the Iight more r_learlly fits a hyperbqlic law, as is typical of We have also investigated such highly compensated
quadratic recombinatioft. The rate of increase of the photo- n-type S(Zn). An n-silicon sample with an initial resistivity

current athy>0.6eV increases with the light intensity, ' 550 . om (Np=2.5x10cm3) was placed in the Zn
whereas the rate of decay is independent of the level of illu- P

mination. Despite the low excitation level in both spectral
ranges, the CIC in the short-wavelength region is sublinear,
but remains linear in the long-wavelength regi®ig. 5. In
addition to the slow relaxation of the photoconductivity in 10
the rangehv>0.6 eV, we see a persistent dark conductivity
which exceeds the preillumination “dark” conductivity by a
factor ~20; i.e., a whole set of phenomena emerges, fully
consistent with everything disclosed in our analysis of the
operation of photodetectors in a gas-discharge chamber.
The onset of a second step in the photoconductivity
spectrum indicates the initiation of a photoactive deep level;
a good candidate for this role is the second zinc/Zn
level. The electron capture cross section of Zat T=77
—90K is very small,o,, =5x 10" 2'cn? (Ref. 29, whereas
the hole cross section of a Zn center isg; =2x 10"
—2x10 ¥cn? (Refs. 11 and 19 so that in intrinsic light it
becomes an activation center, increasing the electron lifetime ol
by a factor of 16 (Ref. 13. In the photoconductivity spec- "0 0 200 300 40
trum, however, theE,,, level can appear only in highly t,s

compensatea-Si(Zn), whereN,,<Np<2Nz,. The photo- o ,
FIG. 4. Decay kinetics of the photocurrent in an anneg@1(Zn) sample

eleCt_”C _propertles of this kind of hlgh-l’eSIStIV_my-Sl(Zn) after the removal of light witthvy=0.79 eV. The current before illumina-
has intrigued many researchers. A slow persistence of thgn isj,,=0.18 xA, and the residual “dark” current after illumination is

photoresponse has been observed in the matéridlpng  j,,=3.8 wA.

extinction of the intrinsic steady-state
otoconductivity*>
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FIG. 7. Potential barrier around artype conductivity inclusion in the
p-matrix of SiZn) and, at the barrier, spatial separation of holes excited by
S extrinsic light.
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FIG. 5. Current-illuminance curves of an anneate8i(Zn) sample in dif-
ferent spectral range$l ) 0.51;(2) 0.79. DISCUSSION OF THE RESULTS

We now attempt to interpret the above-described experi-
mental facts. We consider the influence of a low-temperature
diffusion cell; after zinc diffusion the sample acquired a high(T,=450-650 °Q anneal orp-Si(Zn). The increases in the
resistivity even at room temperature=2 k()-cm). Its pho-  dark current and the photosensitivity suggest that the ratio
toconductivity spectrum at =77 K has a long-wavelength N.;/Np increases in accordance with E@). Measure-
edge athv~0.5eV, and under the combined influence of ments of theC-V curves show that the decrease in the con-
intrinsic and extrinsic light, extinction of the photocurrent centration of electrically active zinc as a result of such an-
was observed in it. Moreover, this sample exhibits a slowneals is rather slightby a factor <1.5), i.e., it must be
rise and decay of the photocurrent, similar to the behavior irassumed that the main cause of such an abrupt increase in the
annealedp-Si(Zn). The photocurrent extinction spectra in photoresponse is a decrease in the donor deNsjfy On the
both samples are shown in Fig. 6. other hand, the new step in the photoconductivity spectrum
athv=0.6 eV indicates the emergence of photoelectric tran-
sitions at the second zif€;,, level. This event is possible if
all the E;; levels are filled with electrons, i.e., if the Fermi
0 level (Eg) is close to the middle of the band gap:
E;n<Ep<E,,,. But then the opposite must be assumed,
that the compensation by heat treatment increases, i.e., the
donor density increases.

This contradiction can be resolved only if we assume
that spatial inhomogeneities are created in the bulk of the Si
by a redistribution of impurity atoms. Examples of the latter
process are the enrichment of both regions with zinc at the
expense of depletion of other elemefgsecipitation at lat-
tice defects, the formation of an impurity atmosphere around
dislocations, etg.and the formation of clusters of dondbs
when they are “purged” from the rest of the crystal. In
either case we witness the emergence of local regions sepa-
rated from the remaining matrix by potential barriers and
surrounded by a space-charge laysee Fig. 7. The pro-
posed model is supported by experimental data, which can
be conditionally segregated into three groups:

1) the direct observation of anneal-induced inhomogene-
ities of the electrical conductivity;

P U T T S | 2) the presence of phenomena which are typical of a
0.z 0.4 0.6 0.6 1.0 photoconductor with inhomogeneities and which are associ-
hv, eV ated with an anomalously long free-carrier lifetirtsee the
FIG. 6. Infrared extinction spectra of the intrinsic photoconductivity in an- I’?VIGW article in Ref. 24 and the references to earlier papers
nealedp-Si(zn) (1) and n-Si(Zn) (2) samples,T=77 K, £&=100 vicm.  Cited therg;
The energy of intrinsic illumination photons fer=1.55 eV. 3) the identification of the level with energy 0.6 eV as
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the second zin&,, level, which indicates the formation of through other centers;, increases, and the conductivity be-
high-resistivity regions. comes essentially monopolar. If the sample is simultaneously

The current structures of @n) in the system €xposed to acombination of extrinsic and intrinsic light with
{semiconductor/gas-discharge §dms been investigated in @ certain intensity ratio so that the rate of liberation of holes
detail” The inhomogeneities gf were seen as bright lumi- by IR radiation from a Zf~ center is greater than its rate of
nescent dots against the uniform background luminescendgapping of electronsi, | >nv,o,, , wheren is the density
of the gas discharge. The main focus of attention here wagf free electrons, which depends on the intrinsic light inten-
the darkl-V characteristic, and IR radiation with a broad Sity, andx, is the photoionization cross section of Zrthe
spectrum was used to illuminate the photodetector. It followslectron lifetime drops, and the photocurrent decreases, i.e.,
from our measurements that the behavior of the system diflR extinction is observed. Figure 6 shows spectra obtained in
fers considerably for the two spectral rangres<0.6eV and combined exposure of the samples to intrinsic light with
hy>0.6eV; i.e., all phenomena associated with inhomogeh»=1.55eV and extrinsic light with a different wavelength.
neities occur only in the short-wavelength part of the specThe photocurrentj ;,— jin|, plotted along the vertical axis, is
trum. the absolute value of the difference between the photocurrent

We now examine the second group of experimental datépn @nd the intrinsic photocurrei,.. The intensity ratios of
in greater detail. According to the barrier modéthe long-  the intrinsic and extrinsic light are such that this difference is
time relaxation and persistent conductivity are linked to thePositive forp-Si(Zn) and negative fon-Si(Zn). Our extinc-
presence in the material of collectigmacroscopigpotential ~ tion spectrum observed in theSi(Zn) sample agrees with
barriers associated with inhomogeneities. The electric field§e long-wavelength edge atr=0.6 eV in Refs. 13 and 23.
of these barriers instigate the spatial separation of lightA similar pattern is observed in an anneal@esSi(Zn)
excited carriers. For example, holes excited from g,  Ssample. IR extinction is not observed in unanneg@el(Zn)
level in the high-resistivity region of-Si(Zn) (Fig. 7) flow  samples. The onset of a stephat=0.6eV in the intrinsic
over into the lower-resistivity matrix and contribute to the photoconductivity spectra justifies the identification of this
photocurrent. To recombine with electrons at centers left ilevel as corresponding to transition from the "Zeharge
the i-region, they must overcome a recombination barrier otate to the Zfi~ state.
height E,.., SO that holes excited by light withv>0.6 eV Consequently, all the investigated properties of photode-
have an anomalously long lifetime. The high persistent contectors after heat treatment corroborate the conclusion that
ductivity in p-type S{Zn) after heat treatment indicates that inhomogeneities are formed in them. It is still not clear just
thei-regions occupy a substantial portion of the total volumewhich centers form clusters in heat treatment. Exactly the
of the photoresistor. same result, specifically a local increase in the degree of

Since the electric fields generated by carrier separatiogompensation, can be achieved either by enrichment with
partially compensate for the potential well of the inhomoge-donor centerghigh-resistivity regions with a reduced ratio
neities, E,o. decreases as the density of photocarriers inNz,/Np) or by the depletion of zinc acceptors occupying
creases, and the CIC of the sample becomes sublinear. Ikattice sites from these same regions. An attempt to detect
deed, if we compare the CIC of such a sample for the twazinc precipitates by x-ray diffraction topography proved un-
spectral region$Fig. 5), it is clearly evident that diagram is successful, so that the microscopic pattern of events requires
linear forhy=0.51eV and is sublinear fdrv=0.79eV. In-  special investigation.
homogeneous semiconductors are also characterized by The increase in the photosensitivity lat>0.6 eV after
shortening of the photocurrent rise timg with increasing anneals is associated with an increase,iniue to the spatial
ilumination intensity| at a rate slower than the'! law  separation of holes and negatively charged Zoenters. On
(Ref. 24. The functional dependeno%:f(rl) obtained the other hand, in the range’<0.6 eV the time constant,
by us from the photocurrent rise curves in Fig. 3 and showrinore likely increases on account of a decrease in the degree
in the inset in the figure is in fact sublinear. of compensation in th@-type matrix, because the CIC re-

The rate of decay of the photocurrent in annealedmains linear. The mechanism based on the dual injection
p-Si(Zn) samples does not change as the intensity of |ighﬁffeCt to account for the formation of current filaménts
with hv>0.6eV is increased, and it has a fast interval fol-could probably admit some reexamination in light of the
lowed by a very slow decay, which is perceived as a persismodel proposed here.
tent conductivity(Fig. 4); these effects are also typical of
inhomogeneous materials with potential barrfers.

We now turn to the third data group. To show that the
0.6-eV deep level observed in our photodetectors is associ- From the results of our investigation we have established
ated with the photoexcitation of holes at thg,, level in the that the resistivity inhomogeneities occurringg8i(Zn) are
newly formedi-regions, we draw on a characteristic propertyformed during heat treatment & =450-650 °C. The am-
of this kind of material: IR extinction of the intrinsic photo- plitude of these inhomogeneities increases as the anneal time
conductivity. The long electron lifetime observed in intrinsic is increased. The formation of spatial inhomogeneities is at-
light in high-resistivity n-Si(Zn) (7,=100mg (Ref. 13 is tributed to a redistribution of impurity centers in the material
explained by the facile trapping of holes and the poor trapand the resulting formation of highly compensated, high-
ping of electrons by Zn? activation centers. As a result, resistivity regions. The Fermi level in these regions shifts
holes trapped by them are eliminated from recombinatiortoward the middle of the band gap, and it becomes possible

CONCLUSIONS
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Vertical double-collector, strain-sensitive transistor with accelerating electric fields
in the base and in the emitter
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The characteristics of a bipolar vertical double-collector, strain-sensitive transistor with
accelerating electric fields in the base and in the emitter are investigated theoretically. The structure
and operating principle of the transistor are described, and the topology of the device is
optimized. It is shown that the output signal is associated with two effects: transverse deflection
of nonequilibrium carriers in the base and injection modulation by a transverse potential
difference in the emitter. €1999 American Institute of Physid$$1063-7829)02403-5

INTRODUCTION integrated double-collector, strain-sensitive transistor with
accelerating electric fields both in the base and in the emitter.
In general, the directions of the current and the electrian the investigated structures the unbalance of the collector
field are known to differ in crystals endowed with anisotropy currents is attributable to the simultaneous onset of two ef-
of the electrical conductivity.This means that as the charge fects: 3 modulation of the injection of the base-emitfen
carriers move between electrodes, they come under the infljunction due to the emergence of a transverse field in the
ence of forces transverse to the direction of the current. Themitter; 2 transverse carrier deflection in the base. The cal-
magnitude of the force in the presence of anisotropy inducedulation of the main characteristics of the strain transistor is
by external directional perturbatiofaniaxial elastic strain, followed by a comparative analysis of how they are influ-
magnetic field, or lightis proportional to the magnitude of enced by the indicated effects.
the perturbation(strength of the magnetic field, stress, or
light intensity).
Consequently, the creation of an artificial anisotropy of ;e 1\ PRINCIPLE OF THE STRAIN-SENSITIVE
the conductivity affords a possible means for the wide-ranggq, \nsisTor
control of carrier transport phenomena. The practical appli-
cation of this possibility has provided a basis for the devel-  We assume that a strain-sensitive transistor on a silicon
opment of a number of semiconductor devices: silicon intediaphragm converts a uniformly distributed load over its sur-
grated multicollector strain transistdrwhich are sensitive face into uniaxial compressivéensilg elastic strain of the
to uniaxial stresses, and magnetotransistarsjch are sen-  base and emitter of the strain transistor. As a result of strain,
sitive to magnetic fields. the hole mobilityx, — holes being majority carriers in the
For a sufficiently high pulling(accelerating electric ~ emitter and minority carriers in the base — becomes aniso-
field, even a slight anisotropy of the conductivity can pro-tropic in thexy plane with nonzero off-diagonal components
duce a strong concentration efféte., a transverse redistri- ...
bution of carriers In practice, therefore, the pulling field in Figure 1 shows the topology of the strain transistor, in-
the zone where the anisotropy is localized is chosen so thaluding the p-emitter andn-base with two pairs of ohmic
the drift (field) component of the current will exceed the contacts in the form op* —p-type andn* —n-type strips
diffusion component. situated at the edges of the emitter and the base, respectively,
We have previously investigated horizontally structured,plus two collectop™* —n junctions. Also shown in the figure
bipolar n-p-n and p-n-p double-collector, strain-sensitive is the orientation of elements of the strain transistor relative
transistors with an accelerating electric field in the baSe. to the crystallographic axes.
The measure of external mechanical perturbation in strain  The wiring schematic of the strain transistor and the lon-
transistors is the collector current unbalance induced by ingitudinal (along thex axis) distributions of the electric po-
jection deflection(or modulation effects. In either case, the tentials in the base,(x) and in the emittetp(x) are shown
anisotropy induced by uniaxial elastic strain alters the transin Fig. 2. The electric fields in the base and the emitter and
verse carrier distribution in the base of the strain transistorthe potential difference across the emitter-bpsgjunction
In this case the influence of the induced anisotropy of the
conductivity on carrier transport processes directly in the Pep(X.Y) = @e(X.Y) ~ ¢p(X) @
emitter is negligible because of the low electric field in theare given by the external sourcég,, V,, andV,. Accord-
emitter, since essentially the entire emitter-base voltage igg to Eq.(1), the forward-biased emitter-bagen junction
across the emittgp-n junction. region is dictated by the values &f(0<x<Xg), for which
In this paper we investigate a vertically structured siliconggy(X, y)>0.

1063-7826/99/33(3)/7/$15.00 366 © 1999 American Institute of Physics
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Carriers injected into the base region drift in the longi- the anisotropy of the mobility produces a sharp unbalance of
tudinal pulling field and diffuse in the-direction, eventually the collector currents, and an output signal appears.
reaching the collector junctions. At zero strain the collector  Strictly speaking, the electron mobilify,, also becomes
currents, which are determined by the diffusion flow of car-anisotropic in this situation, but it can be ignored for the
riers in thez-direction, are equal, and the output signal re-given orientation of the strain transistor elements relative to
corded from the load resistancd®,; and R.,, is close to the crystallographic axes and for the given direction of
zero(under the conditiolR;; =R.,). We assume from now uniaxial strain. The anisotropy paramegecan then be writ-
on thatR.,;=R.,=R;. ten in the form

When a distributed mechanical load is applied to the
diaphragm at the site of the strain transistor, a uniaxial com-
pressive(tensile strain is generated in thigl10] direction, _ Mnxy  Mpxy  Mpxy
imparting anisotropy to the hole mobility both in the base - B T :
and in the emitter of the strain transistor. The anisotropy of
the hole mobility in the emitter, where holes are majority
carriers, induces a transverse potential difference. The inHere w,=pw,yy and wp=upyy -
duced potential difference modulates the injection of the It is important to note that the operating principle of the
emitter-basep-n junction, shifting one of the edges of this strain-sensitive transistor discussed here is formally equiva-
junction (at y=0 or y=I,, depending on the sign of the lent to the operating principle of an analogously structured
strain in the forward direction and shifting the other edge in magnetotransistorwhich is sensitive to a transverse mag-
the reverse direction. Holes injected into the base region ofietic field, where the anisotropy parameter is equal to the
the strain transistor in this way drift in the pulling field of the sum of the Hall angles for electrons and holes.
base(in the x-direction), are deflected in the transverge) By analogy with magnetotransistdrswe assume the
direction by virtue of the induced anisotropy, diffuse in the main characteristics of the strain transistor to be the absolute
z-direction, and attain the collector junctions. The modula-sensitivity S, and the relative sensitivit§pz, which are de-
tion of the injection of the emitter-bagen junction and the fined as the corresponding derivatives of the stressvalu-
onset in the base of a transverse flux of pairs generated ksted at zero stress:

@

HMnyy  Mpyy Hpyy
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FIG. 2. Main elements of the structure
of the strain transistor and longitudinal
distributions of the electric potential in
the base and emitter.

laj<1.

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

where U, is the difference in the voltage drops across the

resistance®;; andR,, in the rows of collectors.

We can then assume that the output resistapas the
collectors of the strain transistor is high, i.e,<R;. We
can therefore replace Eg®) and(4) by the expressions

(9(|cl_|c2)
N ) )
USSP
— -1 c c
Sr=(lca1t1c2) T ar . (6)

Herel., andl., are the collector currents.

RESULTS OF THE CALCULATIONS AND DISCUSSION

(O=x=l,, O=sy=l|
(0=x'=ly, O=y's=l

Under the stated approximations and simplification the

spatial distribution of the nonequilibrium carrier density
p(x,VY, z) in the base of the strain transistor is determined
from the solution of the bipolar transport equation

52 52 d d
P —2 > —S+2ax—p+2ay—p -
axs  ay® oz X ay

== p(X"y")6(x=x")6(y—y")8(z—2') )

&p

P—Po

T

subject to the boundary conditions

The following assumptions are used in the theoretical
analysis of the operation of the strain-sensitive transistor: whereD,, 7, andp, are the diffusion coefficient, lifetime,

a) a weak injection level, so that the density of minority and equilibrium density of holes in the base, respectively,
carriers is much lower than the density of majority carriers aiand §(x—x’) is the Dirac delta function. The function
p(x',y") describes the density of sources of nonequilibrium
carriers. The quantitiea, and «, are related to the pulling
field E, in the base of the strain transistor by the equations

any point of the base and the emitter;
b) weak strains, so that the anisotropy parametas
sufficiently small:

p(0y,2)=p(lx.y,2)=p(x,02)=p(x,ly,2)
=p(X,y.l2) = po, (8)
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5P i HereV.a®(x',y") describes the variation of the spatial dis-
‘5" tribution of the potential in the emitter due to the onset of
0T anisotropy of the majority-carrighole) conductivity?
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FIG. 3. Transverse distributions of nonequilibrium carriers in the base of the X 2
strain transistor for different values of the anisotropy paramétera=0; X[(—1)"-1] | (13
(2) @=0.055. cos mnly
2l
In light of the foregoing considerations, the nonequilib-
ek, rium carrier distribution in the base of the strain transistor
T 2KgT’ ay=aay, 9 can be found by integration:
wheree is the electron chargég is the Boltzmann constant, p(X,y,z)= fxodx’ flydy’ f'zedzfp(x,,y,)
andT is the temperature. 0 0 0
The Green'’s function for Eq7) is XpOy.zx'y'2'). (14)
4ly The evaluation of the integrél4) is simplified iderabl
xy.zx' .y .z )= ex x—x")+ oy g s simplified considerably
p(x.y yhz) Dplyl, Heand Jtay(y=y] if the series(13) is replaced by the function
. X yr
g: sSin Bmk 1_K \I’(Xo'y’):<q)(x',0)>xo(1—2|— , (15)
X - y
mk=1 Bmlﬁ'nlﬁ(ﬂmk)
where the symbd{ . . .)XO denotes averaging over the inter-
X' ’
XSiﬂ?’( Bnl]k )Simkzsimmysimmy/ val 0<x =Xg, and
X
. , 2
X sing,z’, (10 , _“ x
Mk (@O 0= 5 5
m k - (—1)"-1
Q=7+, Q=7+, mNX -1)"-
mTL T X > cos( )—1}
=1 x ns
B (At dg+ azagtL?), L=\Dpr |
xtanl-( N %) (16
X

The Green’s function gives the nonequilibrium carrier den-
sity created at the point of the base with coordinatey( z) We determine the value ok, from the condition
by a source of unit strength at the point with coordinates [./2)=0:
' - (Peb(XOa y ) .
(x",y",2") (Ref. 6.
In our case nonequilibrium carriers are injected by the Ve—Vpp

forward-biased part of the emitter-bagen junction (0<x’ Xo=y v v x- 17)
<xg, 0<y’<ly, 0=<z'<l, with the density of sources e Tbb7 Tbe
p(x',y'): For the ensuing discussion we specify the dimensions:
base I, X1,x1,=30X120x 3 um; emitter I <1/ x1;=30
» o Po . B X120x2 um; L=30um. The collectorp-n junctions are
POy = {ex pen(x".y")/keT] =1}, 1D gityated at the deptlz=1,. The supply voltages ar¥,

=1.4V,Vyp=0.1V, andV,,=1.2V.
where the potential difference.,(x’,y’) is described by The value of the anisotropy parameter is related to the
the expression uniaxial stressr by
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- 7500
4
RS
8 2
g 17000 .3 FIG. 4. Longitudinal distributions of
< - the vertical component of the current
’g ‘\"‘, density in the base of the strain tran-
R ] 8 sistor in the presence of straff, 3)
:N ?.;* and without strain(2) and the rela-
- ; tive strain-induced variations of this
N N component(4, 5) for various values
\&5 1500 of the anisotropy constant:(2)
- N a=0; (3,4) a=0.055; (1,5)
8 a=—0.055.
-
T 2
0
20
o as well, as is inferred directly from a comparison of the areas

a= _H24§' (18 under curved and2. This strain-induced change of the spa-

b ) ) ] ) tial distribution of holes in the base is a direct consequence
wherelly, is the shear piezoelectric resistancefiélype Si. ot the onset of modulation of injection of the emitter-base

In our calculations the anisotropy parameter is assigned thlg_n junction, when a transverse potential difference is

value a=0.055, which corresponds to a uniaxial Stressformed in the emitter under the influence of the longitudinal
o= 800 kgf/cnt.

Figure 3 shows the transverse distributions of the nor]_pullling field .and Fhe induced gnisotropy of the conductivity.
equilibrium carrier density in the base of the strain transistor’ 'S Potential difference shifts one of the edges of the
along the line with coordinates §§1.5, in xm). Clearly, for emltter-basga—n junction in .the 'forward dlrgctlon and t.he
zero strain the distribution is mirror-symmetric about theOther edge in the reverse direction, depending on the sign of
middle plane X, 1,/2,2) (curvel). In the presence of a finite the stress.
stresso the distribution becomes asymmetric, the gradient of ~ The longitudinal distributions of the current densities
the nonequilibrium hole density increasing significantly atj,(x) along the line described by the coordinates 25 ,)
one collector and decreasing at the other. In addition, thaith and without strain are shown in Fig. 4. Also shown are
total number of nonequilibrium carriers in the base increaseplots of the relative strain-induced variation of the current

300
42 R
I~ <«
2 R
“wd ~
Q _—
= N
< 200 4 = FIG. 5. Transverse distributions of the ver-
] b.? tical component of the current density in the
- N base of the strain transistor in the presence
- - Q-.:f of strain(3) and without strain(1) and the
= 4y = relative strain-induced variations of this
W .\{’ componen{2) for various values of the an-
N | B isotropy constant: (1) a=0; (2,3)
~ W0 3 2 w a=0.055.
1
g I I T T—— I i 0
g 20 40 60 a0 100 120
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100
4
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s -
=
=2 703 { FIG. 6. Collector currentgl) and
- 0 N their relative strain-induced varia-
Q i tions (2, 3) versus widths of the base
s " iy and emitter of the strain transistor for
~ e various values of the anisotropy con-
w0 \,\ stant:(1) a=0; (2, 3) a=0.055.
Q
S
20 r*
i 1 ] ) | ] ! 101
Jo 60 90 120 150
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densities:Ajz(x)/jg(x), whereAjZ(x)z|jz(x)—j2(x)|, and rent with the collector operating in the nonequilibrium car-
j2(X) andjg(x) are the current densities at zero stress and imier enrichment regime, wherleg is reduced by one half.

the presence of a deforming stress Consequently, increasirlg is an effective means of enhanc-
Figure 5 shows analogous plots for the transverse distriing the relative sensitivityy,.

butions of the current densitiq’@(y) andj,(y), along with Figure 7 shows the dependence of the relative variations

their relative strain-induced variationsj,(y). of the collector currents on the anisotropy parameter. For

The graphs in Figs. 4 and 5 can be used to optimize themall values of the latter}&|<0.03) the current increases in
positions, lengths, and widths of the collectors. In particularpne of the collectors and decreases in the otbee the inset
for the investigated situation the collector junctions can beo Fig. 7). As the absolute value of the paramedgncreases
bounded by the coordinates.; <9, 15<y1<35, and  (for |a|>0.03), the currents in both collectors are observed
85<Y»=105. to increase. This behavior can be attributed to the fact that

Figure 6 shows the collector curreriy =1%,=12 and  for large values ofa| nonequilibrium carriers injected by the
their relative strain-induced variatiorhalclczllﬁ as func- forward-biased part of the emitter-bapen junction reach
tions of the width of the base and the emitgr It is evident  both collectors. Consequently, the injection modulation is
from the figure that a threefold increase lip produces a much larger than the deflection. This conclusion is supported
50-fold increase in the relative variation of the collector cur-by the graphs in Fig. 8 showing the collector currents as

23+
0F 02
0.1
30
"’Q =
N~
QN\:) ’ ' - — p > y 2 ; - FIG. 7. Variations of the collector currents
8 sl 0 0.005 0.010 0.015 0.020 Al 12 (1) andAl, /12 (2) versus anisot-
= ropy parameten. Inset: the same for small
QN:, values ofa.
~
N‘a =
“
0
1 ]
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= 1500 - 0 1t 1 1 1 1 1 1 ] 1 ] i FIG. 8. Collector current$.; andl, ver-
® ) 0.005 0.010 0.015 0.020 0025 0.030 sus anisotropy parametersli, 4) under
“« L the influence of the deflection and injec-
N tion modulation effects{2, 3) under the
= 1000 + influence of the deflection effect. Inset: the
by same for small values ai.
~ L
500
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a

functions of the anisotropy parameter with and without !I. I. Boiko and V. A. Romanov, Fiz. Tekh. Poluprovodtd, 817 (1977)
[®(x’,y")=0] injection modulation. It follows from the  [Sov. Phys. Semicondl, 481(1977].
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approximately twice the corresponding values forrep-n

strain-sensitive transist8rall other conditions being equal. Translated by James S. Wood
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