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IN MEMORY OF ANATOLII GRIGOR’EVICH SAMOILOVICH

Theoretical and experimental investigations of the generation of transverse thermoelectric power
in anisotropic media and methods of direct conversion of heat, which are based on this
generation, are described. Converters based on both semiconductors aid bigierconductor

films are examined. ©€1997 American Institute of Physid$1063-78207)00111-7

INTRODUCTION discovered very recently. The appearance of new, possibly
much more efficient, materials for ATs is rekindling interest,

In a homogeneo_us 'SO.trOp'C maFerlaI, a t_e m_perature d'fft would appear, in the transverse thermoelectric effect and
ference produces a irrotationgdotentia) electric field. The : : .
makes the present review article timely.

condition for an emf to appear in an isotropic material as a The review article consists of the following sections:
result of a temperature difference is that the material must be o o '
inhomogeneous. The inhomogeneity is ordinarily produced 1. Theoretical investigations. ) )
by creating a junction of two materials with different prop- 11 El7ementary theory  of  anisotropic
erties. For this reason, a thermoelement is ordinarily a thert_hermoelemen_t%. . _

mocouple. 1.2. Anisotropic thermoelements with end contacts

In general, a temperature difference in a material exhib{figorous approach
iting a thermoelectric power anisotropy produces a trans- 1.3. Anisotropic thermoelements with allowance for
verse(perpendicular to the temperature gradighermoelec- end contacts
tric field—3 1.3.1. Rectangular anisotropic thermoelements
. 1.3.2. Anisotropic thermoelements with allowance
ET=—aVT. (1) for thermal conductivity anisotropy

- . ] 1.3.3. Allowance for electrical conductivity anisot-
Here « is the thermoelectric power tensor, aid is the ro

so-called thermoelectric field. In general, the existence of
T T ;

both E/[VT andE, L VT f?"QWS from Eq.(1). This trans- 1.3.5. Anisotropic thermoelements with quasicrys-

verse thermoelectric field, , in contrast to the longitudinal tallographic axes

field B employed in ordinary thermocouples, can lead to the 1.4. Anisotropic thermoelements with point contacts.

appearance of an electric current even in a homogeneous 1.4.1. EMF of anisotropic thermoelements with al-

closed circuit** For this reason, even a homogeneous, theriowance for thermal conductivity anisotrop#fig. 63
moelectrically anisotropic medium can serve as a thermo- . Y big. 63. .
1.4.2. EMF of anisotropic thermoelements with al-

electric power generator, i.e., a thermoelentent. | for th | . , )
Investigations of the anisotropy af for the purpose of owance for thermal conductivity anisotroplig. 6.
1.5. Efficiency of anisotropic thermoelements

thermoelectric power generation were initiated in 1964 by A.

1.3.4. Ring-shaped anisotropic thermoelements

G. Samdlovich and continued in the Department of Aniso- 1.6. Anisotropic thermoelements in a magnetic field
tropic Semiconductors at Chernovtsy State University under 1.7 Artificially anisotropic media

his guidance. Great progress was made in both the theory 1.7.1. Effective properties of layered media

and practical applications. 2. Experimental investigations

CdSb single crystals served as the standard material for ~ 2.1. Semiconductor anisotropic thermoelements and
anisotropic thermoelementgATs). Anomalously large, devices
transverse-type, thermoelectric responses in single-crystal 2.2. Anisotropic thermoelements based on single-
films of high-T. superconductors in the normal state werecrystal highT . superconductor films
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FIG. 2. Anisotropic thermoelement. Regiohisand 3 — end contacts for
g x extracting the thermoelectric signal, regi@n— thermoelectrically aniso-
A 0 T 8 tropic plate. The lines of the thermoelectric eddy currents are shown on the
(4

right-hand side of the figure.

FIG. 1. Thermoelectrically anisotropic platé,Y — crystallographic axes,
T,,To — temperatures of the top and bottom facgs:- angle of inclination

of the crystallographic axex,Y with respect to the laboratory axasy. The fundamental difference of AT from ordinary ther-
mocouples is seen immediately from this expression, since
the emf of an AT contains the geometric factwb. At the
same time, the emf of an ordinary thermocouple does not
depend on the geometric dimensions of these thermocouples.
In the case of an AT, the emf is proportional to the length

Let us consider a thermoelectrically anisotropic medium@nd inversely proportional to the thickness. Therefore, for
whose thermoelectric power tensor in the crystallographi€@mple, the emf can be increased by increasing the length

1. THEORETICAL INVESTIGATIONS

1.1. Elementary theory of anisotropic thermoelements 57

axes has the form of the AT. _ _ o
The expressioli6) for the emf of an AT is qualitatively
~ [ 0 correct, but it has a number of important drawbacks. We
lo ) @ shall list some of them.

o _ _ _ 1) On the one hand, the derivation of the expressin
For simplicity, we shall consider the two-dimensional case zssymed that the plate is finite-@/2<x<a/2). On the
We cut from this medium a plate in a manner so that thegther hand, the expressigh) was written for a plate which
crystallographicX axis makes an anglé with the edgeAB s nfinite along thex axis; i.e., the possible boundary con-
(Fig. 1). The thermoelectric power tensor in the laboratoryitions atx= + a/2 were neglected. Since any real AT has

coordinate system has the form current collecting contacts, allowance must be made for their
. e co? 0+ a, sir? ¢ ()~ a,)sin 6 cos 6 presence in the correspo_ndmg poupdary conditions.
a= i i ) 2) The temperature distribution in an AT can be strongly
()=, )sin 6 cos@ a sir? 6+a, cos 0

nonuniform. For this reason, E(f) must be extended to the
®) caseVT#const.

If the temperatures at the top and bottom boundaries 3) The temperature dependence of the electric and ther-
(AB and CD) are maintained equal td; and T, respec- mal conductivities and the thermoelectric power of real ma-
tively, then(ignoring lateral heat transfea one-dimensional terials can alter Eq(6) substantially.
temperature distribution with a constant gradient 4) The expression6) disregards the possibility that the

electric and thermal conductivity can be of a tensor charac-
=0 (4) ter. As a rule, a medium exhibiting anisotropy af also

exhibits anisotropy ofr.

aT Ti—To AT aT
dy b b’ X

will be produced inside the plate.
According to Egs(1), (3), and(4), the transverséwith
respect toV T) thermoelectric field arising in the process will 1.2. Anisotropic thermoelement with end contacts ~ (rigorous

have the form approach )
AT In any real AT, metallic current-collecting contacts
EI:“”F’ (5) (CCs must be soldered to the lateral facésg. 2). Two

boundary-value problems of mathematical physics must be
where a;,=(aj— a,)sin § cosé is the off-diagonal compo- solved in order to allow for the effect of the CCs on the emf
nent of the tenso(3). In what follows, for convenience, we of an AT. These problems make it possible to establish the

shall often employ the notation for the indices =2, . effect of a CC on the temperature distribution and electro-
According to Eq.(5), the thermoelectric power arising chemical potential distribution inside the AT.
between the end&D andBC has the form Ignoring the effect of thermoelectric eddy currents on
o . the temperature distributiofwe shall estimate it_k_)elo)/,vthe
Szf EIdXZ apAT=. (6) equatlor_w for th_e latter follows frem the conditiovi-q=0
—al2 b and for isotropic thermal conductivity
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82T il {(—azy)={M(—al2y), ((a2y)={®(al2y),
=0

: (7
ax? ay (13)
—_i(D) ; —i@3)
The boundary conditions are) tontinuity of the tempera- ix(—al2y)=j,'(—al2y), jx(al2y)=j"(al2y).
tures and heat fluxes at a boundary between the (@gQ#ons The solution of the boundary-value problem by the

1 and3) and an anisotropic plat@egion?2); 2) the values of method of separation of variables gives the expression
the temperature$; and T, on the top and bottom faces of _ ) 3)
the plate and the CCs; andl[3eat transfer on the lateral faces A= (—alzy) =7 (al2y),

of the CCs:
a _apATBba kr
IT(3Y Al=apATE+ 12’(—3 E (—1)*y cos— b Y
B =B(TEY-Ty) (12)
atx=*(a/2+1). The superscripts denote the regions of the _ Ok
AT and CCs, ang3 is the heat-transfer coefficient; the tem- Yk ko K a o Ko ki a2
perature of the surrounding medium is assumed td felt sinh— b sinh— b 2 — cosh— b cosh— b 2

is obvious that the isotherms is horizontaldf=0 (the con-
dition of adiabaticity on the outer ends of the contadE®r  where §, is determined in Eq(8).
B#0, the solution of the boundary-value problem is rather ~ We note that in the case of a linear temperature distribu-

complicatec? tion the right side of Eq(10) vanishes and only the first term
AT o . remains in the expression far{. However, even in the case
_ X Ty of a nonlinear temperature distributiongif ¢ — 0, for finite
T=To* Fy+2 2 (—1)*5 cosh—=sin—=, | the second term in Eq12) approaches zero. Thud(
ceases to depend gn and since the thermoelectric power of
1 Bb kra « _  kwa the CCsa” =0, the value obtained fak{ can be taken as the
;kz kar + 7 COShEﬁL Slnh% thermoelectric power. A detailed investigation of the expres-
sion for {={(x,y) in the the limito/o”— 0 showed that the
kd function ¢ vanishes at the boundarigs- + (a/2+1) for ar-
XeXPT bitrary |. The latter can be assumed to be much smaller than
al2.
Bb kma «  kma The main conclusion to be drawn from the investigation
k= =] cosh—=—— sinh—, - of the effect of the CCs on the emf of an AT is that this
K K effect can be taken into account by simplified boundary con-
kad ditions
X exr( - —) , (8)
b {(al2y)=¢1, {(—al2y)=e¢,, (13

wherex and«” are the thermal conductivities of the AT and wheree; and ¢, are the potentials on the endd” and are
CCs, respectively. Taking into account the real valuggof constantsindependent of. Under the boundary conditions
(B~0.4—4.2 WI/n-K) shows that the deviation of the tem- (13) the boundary-value problerfl0) and (11) simplifies
perature distribution from a linear distribution is small. substantially and in many cases it is possible to obtain an
In contrast to the effect on the temperature distributionanalytical expression for the emf in much more complicated
the effect on the distribution of the electrochemical potentialcases than in the one studied above, for example, for arbi-
¢ is fundamental. We assume that the electrical conductivitgrary T=T(X,y).
of the AT and CCs are equal, respectivelypt@and¢”, that We also note that in determining=T(Xx,y) in the heat-
both of them are isotropic, and that the thermoelectric powegonduction equation the terms describing the release or ab-
of the CCs can be ignored since they are metallic. The dissorption of heat by eddy currents were dropped. An estimate
tribution £(r) in the stationary case is determined by themade of these currents in Refs. 7 and 8 shows that in this
continuity equation for the current densi¥y-j =0, where case they can be ignored.

j=—0V{-0aVT, © 13 Anisotropic thermoelements with allowance for end

which reduces to the equation contacts

) ) ) It is assumed thatr,;< o, Whereo, and o are the
9L L T (10 conductivities of the thermoelement and end contact, respec-
e ay? 12550y tively.

We assume that the thermoelement is insulated. The follow?-3-1- Rectangular anisotropic thermoelements

ing conditions are satisfied at the boundaries between the The equations and boundary conditions which describe
anisotropic plate and the C@ (s continuous and the current the distributions of the fields and currents in an AT now has
density is perpendicular to the boundary the form
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V=0, (14) 1.3.2. Anisotropic thermoelement with allowance for

thermal conductivity anisotropy
jy(x,y=0h)=0, (15) : L
To determine the emf of an AT it is first necessary to

l(al2y)=¢(al2), ((—al2y)=q¢(—al2), (16) find the temperature distribution. The heat-conduction equa-
tion, in contrast to Eq(7), now includes components of the
thermal conductivity tensor. Its form is similar to that of the
ﬁhermoelectric power tens@B)

where the boundary conditiofl6) takes into account the
presence of the CCs.
As shown in Ref. 9, in this case a general expressio

suitable for an arbitrary temperature distribution and an ar- 92T 92T 92T
bitrary temperature dependeneg.= «a; (T) (aj can also K11—2+2K12W+K22—2: (21)
depend orr) can be obtained for the emf: IX Xy ay
b We choose the previous boundary conditions — the tempera-
E="5 dyf EIdx, ture is constant at the top and bottom boundaries and equals
0 J-az 17 T(0X)=To, T(b,x)=T,, and we ignore heat transfer from
T T the lateral faces.

Ex=—

X an&—auw- This boundary-value problem can be solved analytically

only in the presence of a small parameter, which, for ex-

whereE] is a component of the thermoelectric field. ample, can bec;,/\/k11k2, and has the forit
The expression obtained for the emf of an AT can be
easily extended to the three-dimensional case and includes y 4Kip

many previously known particular cases, starting with the TOy)=To+AT

standard thermocouple.

b VK11K22

Rewriting Eg. (17) in dimensionless coordinates i sinh(kmx/b)sin(kry/b) 05
(X:X/a,. Yzy/b) and Substituting the eXpIiCit form CE;(I—, ><k=l,3, (k’iT)sCOSHkWa/Zb) : ( )
we obtain

Numerical simulation confirms this solutidh.Substituting

1/2 1/2 oT . . .
s—f de all anL f dyf ar—dX. the expressiori22) into the general expression for the emf
129X 12 7Y (17) of an AT gives (see also Ref. )1
(18)
. . . . . a 16k

The main _conclu§|on fo_r the entire question of generation of = alZATB — allAT3—12
emf by anisotropic media follows immediately from E@8) TN K11K22
— the part of the emf that is associated with the thermoelec- o
tric power anisotropy always appears in the geometric factor > 2 K3 tank—w "_22_ (23)
a/b. The expressioifl7) can be extended to the case where k=13 ... 2 K11
o=0o(y). Then

The first term in Eq(23) is the standard emf of an AT, and
1 (b alz 1 (b the second term is the part of the emf that is produced by the
= _f dyf Edx _f a(y)dy. (19 temperature gradient appearing along thexis as a result of
the thermal conductivity anisotropy(,#0). It is important
An expression for the emf without the boundary condi-that this term remains finite agb— . If JViolky1~1, then
tion (16) was obtained in Ref. 10. It was assumed thatb even ata/b~3 the sum in Eq(23) equals 1.05, to a high
and the indicated condition is thereby unimportant. Furtherdegree of accuracy, and therefore

more, and this is very important, the temperature distribution

was assumed to be one-dimensionall [(gx=0), which a K12

made it possible to replace, to a high degree of accuracy, S(a/b>1)~“12AT5_1'7ﬁ“11AT' (24)
dTldy by AT/b. These assumptions made it possible to take 17z

into account the anisotropy of the electrical conductivity ~ We note that the second term does not include the geometric

) factora/b.
@12 ‘ﬂ—dy ale X241 Questions concerning the generation of an emf in the
0 P11y a To P11 case of an anisotropic thermal conductivity were also studied
& edy BATb—dy’ (200 jn Ref. 12, but the expression obtained there for the tempera-
fop—ﬂ Jop_u ture distribution does not satisfy the boundary conditions.
This work was criticized in Ref. 13. Besides the valid criti-
wherep 1= 05/ (011025~ Ufz). cism, the following assertion was made in Ref. 13: “Thermal

The dependence oy pq1=pq1(Y), but not onx, can  conductivity anisotropy can to some degree distort the tem-
also be taken into account. For isotropic electrical conducperature, potential, and current distributions in a thermal
tivity the expression(20) is a particular case of Eq419). electric medium but it cannot itself serve as a source of

In some cases taking into accouiit/ gx is fundamental. emf.” We cannot concur with this assertion. Indeed, any
One such case is an AT with thermal conductivity anisot-source of emf contains CCs, which unavoidably make the
ropy. AT as a whole inhomogeneous. In this case, as one can see,
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for example, from Eq.(22), even under conditions of an
isotropic thermoemf ¢,,=0, a;;=«) the emf is not zero
and equals ~ akqy. In reality, this is a standard “thermo-
couple” emf with an unusual method of creating a tempera-
ture difference at the junctiof€Csg — by thermal conduc-
tivity anisotropy. The thermoelectric power of the second
branch does not appear in E&3), since it was assumed in
advance that the thermoelectric power of the CCs equals
zero.

1.3.3. Allowance for electrical conductivity anisotropy

By analogy with thermal conductivity anisotropy, allow-
ing for electrical conductivity anisotropy does not make it
possible to obtain a solution of the boundary-value problem i a-shabed ani ot | _ lic end of th
and therefore the emf in an analytic form for anisotropy of"'G: 3: Ring-shaped anisotropic thermoelemeint:- Metalic end of the
. . contact,Tl,TO — temperatures of the outer and inner parts of the rng,
arbitrary magnitude. In the presence of the small parametgf r, _ outer and inner radii.

o12/\ o110, allowing for the CCs in boundary conditions
of the type(16) makes it possible to obtain the emf in an

analytical fornt*

with a fixed temperature distribution, then in a cut ring they

= a ATE are extracted into an external circuit; i.e., the generation of
1227 p an emf is attributed to the presence of a TEC. The generation
- principle is assumed to be fundamentally different from that
aop 16 _3 kma in an AT. Although the idea of extraction of TECs into an
FapAT——1-— > k™ 3tanh——|. L . L
b oy m3k=13, ... 2b external circuit made it possible in a number of cases to

(25) obtain satisfactory temperature distributions, from our stand-
point, the emf in an AT of arbitrary shape is not associated
For a/b>4 and o1;/0,,~1 the sum in Eq.(25 equals with extraction of TECs. Specifically, we mention as an ex-
1.052, to a high degree of accuracy, andddo=5 the 1in  ample Ref. 15, where there are no TECs before the ring is
parentheses can be ignored in contrast with the second terut and an emf is generated after the ring is cut.

1 a\?
e~apAT—— EalZAT<B TNl o3y (26)
] 1.3.5. Anisotropic thermoelements with quasicrystalline
It follows from Eq. (26) that, besides the standard term gyes
(a1AT (a/b)), the emf of an AT also contains a term that is ) . )
proportional to the off-diagonal component of the electrical It iS well known that in a number of cases a medium
conductivity and a geometric facta/b. We note that the ~consisting of alternating layers with different propertias
term that takes into account the thermal conductivity anisot¥1» 71, K2, @2, o) can b? representgd as.hornoggneous
ropy in Eq.(24) does not include a geometric factor. We alsoPut anisotropic. Such materials and their applications in rect-
note that the expressia@6), obtained for the emf of an AT @ngular ATs will be examlngd in greater detail in Sec. 1.6. If
taking into account the CCs, also differs from the ¢@@ of ~ the layers of such a material are curved, then the averages
an AT neglecting the CCs. The latter does not include thélescribed will depend on the coordinates: The properties of
term with o1,. such a medium are tensass «, and«. For clarity, we can
introduce quasicrystallographic axes — the tangent to them
will be directed along one of the principal axes of the indi-

. cated tensors. Such media — with curved quasicrystalline
In some cases a nonrectangular, more complicated shagges — can be used to produce ATs.

a

1.3.4. Ring-shaped anisotropic thermoelements

of an AT, for example, a ringFig. 3), is advantageous. The As an example, let us consider a ring-shaped AT with
boundary condition$16) make it possible to obtain for the gpiral axed” with a radial temperature distributia(fFig. 4).
emf of an AT an expression similar to EL7):*° The direction of the axes is fixed by the unit vectrtan-
1 Ry . gent to this axis. The components of the tenagr are ex-

= " in(R,/Ry) R dp fo Eedo, (27)  pressed in terms af as
whereE = —E; sin 6+E] cosg is a component of the ther- a=a Ot Aaning,  Aa=ajma, . (28)
moelectric field. The temperature distribution has the form

It is easily shown that Eq(27) also describes diverse
cases of so-called eddy thermoeleméftaccording to Ref. T=Ty+ P (29

———In —.
16, if thermoelectric eddy curreni ECS circulate in an In(R;/Ro) ™ Ry
uncut ring made of an anisotropic thermoelectric materialThe emf is calculated from Eq27), where
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Let us examine two possible cases of boundary condi-
tions in the thermal problem for which a simple analytical
solution can be obtained for the emf allowing for thermal
and electrical conductivity anisotropi€sig. 6).

wa

1.4.1. EMF of anisotropic thermoelements with allowance
‘ for thermal conductivity anisotropy

o

x Let us consider the case in which there is a constant heat
flux at the outer boundary and we have an isotherm at the
bottom boundaryFig. 6a

”4 = al al = T(x)=T 34
Qy|y:b— K125 K22¢9y y:b— 0o, T(X)=To. (34

\.

According to Eqs(34) and(21), the temperature distribution
FIG. 4. Ring-shaped anisotropic thermoelement with quasicrystallographi%as the simple form

axes. The dashed line indicates the direction of the crystallographic axes;

0,p,B,¥,n — parameters determining the form of the quasicrystallographic do

axes. T(X,y)=To+—y. (39
K22

We set the boundary conditions of the problem on the basis
aT aT of the electrical insulation conditiof,|s=0. Now, we can
- aﬁﬁﬁ_a"r%' (30 take into account the fact that a real thermal element has a
finite size along the axis and therefore

Ej=

and sincedT/96=0, it is necessary to know only the com-

onenta,, of the thermoelectric power tensor AT
ponerta o1 T ecrep {xY) == - (arx+ azy). (36)
g = ayy SIN? O— ayy Sin 20+ ayy cOS 0, (32)
where An expression for the emf follows immediately from Eq.
(36) (in Fig. 6, a is the distance between the poidtand?2)
1
ay=a, +Aa co(e+ ), axy=§Aa sin ¢+ B), e=aAT(alb), (37
which is identical to Eq(6).
_ (32 We note that for such boundary conditions of the ther-
ayy=a, +Aa sir(¢+B). mal problem neither thermal conductivity anisotropy nor
Substituting Eqs(29)—(32) into Eq. (27), we obtain electrical conductivity anisotropy appears in the expression
’ for the emf of the AT.
AaAT

¢ m IN(Ry/Rp) sin 2. 33 1.4.2. EMF of an anisotropic thermoelement with allowance

In the two extreme casg8=0 and 3= m/4 the emf of  for thermal conductivity anisotropy
the AT equals zero. The axes degenerate into radii in the first et us now examine the case where a constant heat flux
case and concentric circles in the second case. The maximug|,_,,= —qj is fixed on the top and bottom boundaries of
emf is reached fog= /4. The ring-shaped AT studied is a the AT (Fig. 6b. Then the solution of the thermal conduc-
continuous analog of the four-branch, closed AT studied inivity equation has the form

Ref. 5.
T1=To+qo(KiX+Kaay), (38

1.4. Anisotropic thermoelements with point contacts wherek=x 1 is the thermal-resistance tensor, and the solu-
tion of the electrical problem, with the same electrical insu-

In some cases current is extracted into an external circu‘%mon boundary conditions as before, is

by point contacts placed on the surface of the &&e Fig.
5). Such an arrangement of the contacts is possible when the {(X,Y) = 0ol (@12K20F @11K12) X+ (@ 12K 121 @22k 22) Y]

boundary conditions at the edges of the AT can be ignored, (39
i.e. the AT can be regarded as infinitely long. The expression for the emf
&=(oa( a1k @11K12), (40)
y 2 which includes the components of the thermal conductivity

1 . .
P, s ey from a9,
< In both cases it was assumed that the conductivity of the
z point contacts is much higher than the conductiwity of the

FIG. 5. Arrangement of an anisotropic thermoelement with flat contactsthe_rmoelementy and therefore the the_rmoeleCtriC power O_f the
1,2 point contacts can be neglected. This means that the differ-
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FIG. 6. Anisotropic thermoelement with the giveas— heat flux on the top
face b — heat fluxes on the top and bottom faces. Insets: Directions of the
fields, fluxes, and gradients.

o

enceA{ the electrochemical potentials can be replaced by
the differenceA ¢ = — ¢ in the electrical potentials.

B_Oth expressiong37) and(40)_ for the emf of the AT are FIG. 7. Arrangement of an anisotropic thermoelement with a heat conductor
physically transparent. In the first caS€T||Y generates a of a special form1’ — thermostat2’ — heat conductor3’ — anisotropic
field ET||X, which generates ~ «4,. In the second case the thermoelement.
flux g|Y (in connection with the fact that the thermal con-
ductivity is anisotropit produces not onlW T, ||Y but also
VT||IX. The componenV T, generates a transverse fiéd
and aq,, ar_1d the gradienV T generates a fie_IE”T~ @11K12 tan = K_lz_ (42)
parallel to it. The emf produced by the f|elﬂi is the “stan- K11
dard” thermocouple emf, since in this case a temperature ) )
gradient exists not only along but also alongX. This tem- ~ The temperature differentidd T between the contactsand
perature gradient produces the temperature difference at tieincreases with increasing lengéhof the heat conductor
junctionsAT=T,—T,=qoaky, at the pointsl and 2 (Fig. with anisotropic thermal conductivity. It is obvious thaf
6b). The “anisotropy” obtained with this emf is related cannot become arbitrarily large — this requires that all
with Ky,. boundary conditions are satisfied ideally. However, for ex-

We note that the longitudinal temperature difference@Mple, for very highT; or very low Ty, it is impossible to
AT can, at first glance, make it possible to obtain for a finite@chieve thermal insulation of the lateral boundaries and have
value ofq, an arbitrarily large temperature differentials is 9= const at the top and bottom boundaries.
pointed out in Ref. 18 In reality, this is impossible, since it
is impossible to achieve “thermal” boundary conditions
(creatingq=cons} for which AT is arbitrarily large. 1.5. Efficiency of anisotropic thermoelements

As an example of ATs examined above, we turn to Ref. ) ) ) ]
18, where detailed calculations of an AT employing thermal e shall examine very briefly the question of the effi-
conductivity anisotropy were performed by a method analoSi€Ncy 7 of an AT in connection with the fact that the effi-

gous to that studied in Sec. 1.4.2. An anistropic heat conduciency of all real ATs employed in practice is low. This is
tor, which consists of the same material as the AT, with awhy ATs are ordinarily used not as a generator of an emf but

lower boundary beveled at an angleand which is in ther- rather as transducers in. meaSL_Jring devices. In Refs. 7 and 19
mal contact with a thermostéEig. 7), is used to produce a the eﬁlClgngy of an AT is studied in thg case of a Iqw.ther—
uniform heat flux in a medium with an anisotropic thermal Moelectric figure of meritZT<1), and in Ref. 20 a similar
conductivity. The AT itself and the heat conductor are sepac@lculation was performed for arbitrary values &T. For
rated by a thin, electrically insulating and thermally conduct-thiS reason, we shall first consider Ref. 20, after which we
ing interlayer. Disregarding the effect of the interlayer on theShall studyZT<1 as a special case. _
temperature distribution and assuming that the lateral faces 1© calculate the efficiency; of an anisotropic thermo-
are thermally insulated, it is easy to determine from @) element, just as the efﬂmency of any heat machine, it is
the angley, for which g=const and the isotherms are in- necessary to find the he@, obtained from a heater and the
clined at an angley with respect toX. One of the isotherms heatQq given up to a refrigerator per unit time. The result
is also the lower boundary of the heat conductor and for the efficiency is
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Qo

To determineQ; and Q, it is necessary to know the
temperature and current distributions in the AT. The calcu
lation in Ref. 20 was performed f@/b>1, with allowance
for the effect of the end contac{&€Cs9. In this case the
temperature is a function only of and the heat-conduction
equation, which, in general, has the form

n= (42

g JT aT djk
ax G +pidilk— 7|ka(9X ika_xizor (43
acquires the much simpler form
d2T o dj,
Kzzd—yZJFPnJ 1_Ta12d_y:0’ (44)

(ﬂi_ is the Thompson tensor addl; = «;, T is

the Peltier tensor.
j2=0,
J1=E1/p11—(aq2/p10)dT/dy
and Eq.(44) can be written as
(1+ZT)——Z2E OIT+Z(—
dy? appdy dy

whereZ= a12/K22p11 is the thermoelectric figure of merit in
the anisotropic case. In the isotropic c&se oa?/k, andZ
is also called the loffe number. The quantidy- alekzzpll

ﬂak
Whererisz—

In the same approximaticar’b&1),

d?T dT\?

+Z

E 2
—) =0, (45
a2

determines the efficiency of an AT. The solution of the non-

linear equation(44) is sought in the form

dy
a7 AT

assumingy is the dependent variable afidis the indepen-
dent variable,

¢=(1-b/AT)? In(1+ZT)+C,
_(1+b/A

T)?
ZAT

1+e(M], (46)

[(1+ZTy)In(1+ZTy)

—(1+ZTy)In(1+ZTy)— ZAT]. (47)

We recall the “long AT” approximation and that the ECs
are disregardedE,=const. The constant is determined
from the equation

T
f ¢(T)dT=0, (49

To
which follows from Eq.(46).

In solving the heat-conduction equation, it was assume
that ¢(T)<1 for arbitrary ZT. A detailed analysf® (see
also Refs. 21-23confirms the fact thap(T) is small. The
quantitiesQ; and Q, can be determined from Eq&46)—
(48):

) AT )
Q.= SK22T[1_ @(T)]+slln(Tjx(Te),
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. AT

Qo= SKzzT[l_ ®(To)]+sll1(To)jx(To), (49
wheres is the area of the top and bottom faces of the AT.
Substituting the expressidd9) into Eg. (42), we obtain an
expression for the efficiency of the AT.

The efficiency of an AT is obtained by optimization.
There are two possibilities — optimization with respect to
the field E, and optimization with respect to the current
flowing along the AT. Optimization with respect to the field
gives
2(1+M)] 2

zT

7°P'= 7 [1-1— (50

wheren,=(1—T,/T,) is the efficiency of the Carnot cycle,
and

M :{
1+Z(T+AT/2)
N IZT AT

[1+Z(T+AT/2)][1+Z(T—AT/2)]
ZAT

J 1/2

T=(T,+Ty)/2.

(51

AT=T,-T,,

We note that it is impossible to optimize the efficiency if the
small correctione(T) to the linear temperature distribution
is ignored. When the efficiency of the AT is optimized with
respect to current, it is necessary to substituteMointo the
expression(50) the expression from Ed51)
1+ZT.

M= (52

For largeZT the thermoelectric eddy curren§ECs
arising in the AT, in general, should substantially distort the
temperatures. The producf is the dimensionless parameter
that determines the feedback — the heat flow prod¥%Es
VT produces TECs, the eddy currents release and absorb
Joule, Peltier, and Bridgman heats, and the heats distort the
temperature distribution. However, the concrete calculations
examined above show that the effect of the TECs on the
temperature distribution is smaf?? The effect of the TEC
jeun ONT=T(y) can be investigated:

bJ j(y)dy.

As shown in Ref. 23, foz=10"2 K™, AT=1400 K
(ZT>1). The efficiency of ATs equals 0.608 if the TECs
are ignored and 0.641 if the TECs are taken into account,
i.e., the two values are almost identical. The apparent dis-
crepancy is explained by the fact that Bndgman Hee last
‘[jerm in Eq.(43)], which is negllglble for smalZ T, becomes
substantial in the AT foZ T>1. It can be showi! that the
Bridgman heat is canceled exactly by the change in the
Peltier heat, due to the TECs. For this rea§on- Q, equals
exactly its value in the absence of TECs. The Hatitself
is virtually independent of the presence of TECs, since
¢(T)<<1. Despite the smallness @f(T), its value is funda-

]curl
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mental — the distortion of the temperature gradient is of
paramount importance in the calculation of the efficiency of
ATs.

Optimization of the efficiency of converters built on the
basis of artificially anisotropic thermoelements was studied
in Ref. 24. However, in the case of the approach employed in
the present papdltayered isotropic medium is replaced by a
homogeneous but anisotropic medjuthe thermoelement
under study is in no way different from a standard AT. The
results obtained in Ref. 24 using approximate methods to
solve the nonlinear heat-conduction equation Ref. 22 it
was solved exactlyare close to the results obtained in Refs.FiG. 8. Model of a layered medum. Layers with different physical proper-
20 and 22. ties:1— oy, Ky, @1; 2— 05, K, @p. The equivalent average medium is

A generalized thermoelectric figure of merit of the ma- indicgtgd onetheeright - homogeneous, anisotropic with effective kinetic
terial was introduced in Ref. 25. The entropy production denSoeficientss®, «°, anda®.
sity

S=Vijs, (53 1.7.. Artificially anisotropic media

wherejs= (j/T) (I1j - «VT) is the entropy flux density per In Ref. 32 it was proposed that a layered-inhomogeneous
unit time, was determined for an element of volume of anmedium consisting of alternating layers with different values
anisotropic material with an arbitrary angle between the heagf the local coefficientsy, o, and« (Fig. 8 be used as the
flux k and the current. material for ATs. If the region under study in such a medium
On the one hangk is determined in terms of, I, and  is much larger than the thicknesses of the layers, then such

p and, on the other, it is possible to introduce the efficiency@n inhomogeneous, locally isotropic medium can be de-

A » of an element of volume scribed approximately, on the average, as homogeneous but
i anisotropic. The criterion for the applicability of this descrip-
Ap=Anl 1+ din JS) (54) tion is given in Ref. 33.
dinT Anisotropic thermoelements based on such media are

which can be optimized. customarily called artificially anisotropic thermoelements
(AATSs). Such thermoelements have a number of advantages

Therefore, according to Ref. 28It is possible to obtain ) . - X
a general expression for the maximum efficiency of a mate®Ve" single-crystalline ATs. The principal advantage is that

rial, which is determined only by, p, andx, rather than by their p_roperties can be optimized_by vgrying the materie_lls
the geometric characteristics of the thermoelemgnt” and thicknesses of the layers. Optimization of the properties
of AATs operating as emf generators and Peltier refrigera-

Al K tors, including in a magnetic field, is dealt with in Refs. 32
AT 1P +VT: TVT and 34—40. The large number of variable parameters made it
Ap=—-b—"———, (55 possible to produce AATs for measuring nonstationary heat
T —7llj+7xkVT

fluxes ranging from 0.1 up to $#0V/m? with a high figure of
where the unit vecto#| VT, andb is the height of the ther- merit. However, as shown in Ref. 37, the figure of merit of
moelement. AATs cannot exceed that of a longitudinal-type thermoele-

It is evident immediately from Eq(55) that this ap- ment composed of the components of the AAT.
proach is possible only in the case where the current and The calculation of the emf and efficiency of an AAT, if
temperature gradient are independent of one another. Hovits material is described in an average man(itss assumed
ever, as shown in Refs. 8 and 19-23, the deviation of théo be homogeneous and anisotropics identical to the
temperature from a linear law is fundamental for calculatinganalogous calculations for ATs based on single crystals.
the efficiency of ATs. However, there do exist cases in which the behavior of the
AAT is different from that of the AT. One such case is
presented in Ref. 41, where the time constant of an AAT is
studied for the example of a transverse Peltier effect. The
time constantr of a transient procesgstablishment of a

In this review article we cannot investigate in any detail stationary stateis of interest in connection with the fact that
the efficiency and emf of ATs in a magnetic field. We the power versus voltage sensitivity of an AT does not de-
present, with minimum commentary, only some referencespend on the size of the element in the directdon. Experi-
A classification of thermogalvanomagnetic phenomena iments performed with AATs based on the heterophase sys-
anisotropic media is given in Refs. 26 and 27. Anisotropictem Bi, sSh, sT15—Bi with thicknesses ranging from 2 to 10
thermoelements in a magnetic field were studied in Ref. 28mm confirm the theoretical results.
The figure of merit of an AT operating in both the emf gen- The transient process in an AAT includes establishment
erator mode and the refrigerator mode was investigated iof a stationary state in an elementary two-layer packedf
Refs. 29-31. thicknesss (Fig. 8) and in a thermoelement as a whole 7

1.6.. Anisotropic thermoelements in a magnetic field
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TABLE I.

Spectral transparency Thermoelectric power Thermal conductivity Electrical conductivity
Materials rangex, um anisotropyAa, uV/IK 102k, Wicm-K 100, Q" t.cm™! References
Bi — 50 8.0 ox 10* [45-47
Bi,Te; — 60 1.8 2.1K10° [49]
Te 3.5-20 140 2.9 40.0 [50]
MnSi; 75 — 100 — 8.0x 107 [51-55
CrSi, — 45 — 6.0x 10° [51-55
cds 0.5-12 130 20.0 0.2 [56,57
ZnAs, 1.3-18 350 6.0 0.5 [58,59
CdAs 1.8-20 225 4.7 1.0 [58,59
ZnSb 2.2-30 120 11 7.2 [54,59
Cdsb 2.6-30 300 1.2 4.0 [60,61
CdSb-Nisb — 270 25 2.0 [60,61
CdSb-CoSb — 295 23 2.0 [60,61
CdSh-MnSb — 280 2.8 1.8 [60,61
It is obvious that forr= 7 it is impossible to establish a 1 1
stationary state in the entire AAT until it is established inthe  pg,=pf =—=—
packet. Furthermore, the time increases with decreasing Oxx  Oyy
rath 5/b. !t was found that the time constantof_ an AAT 16, 8 (aj—ay)?8,8,T
(which is limited by7y) can be decreased by using compos- B e S sl I
ites consisting of materials with high thermal conductivity g1 92 K101 K202
and decreasing the thickned=f the two-layer packet. 02,=(0161+0,8,)16,

e e a151/K1+a252/K2

1.7.1. Effective properties of layered media A= Ayy= 010,400,

(57)

It is virtually impossible to calculate the electrochemical
potential distribution in AATSs, allowing for the finiteness of @
the thickness of the consituent layers. Therefore, a standard
method is used — the properties of the medium are aver- kS, = K;y: SI(81 1K1+ 851 ky),
aged, after which the medium is assumed to be homoge- 5
neous. The effective kinetic coefficients give relations be- . 1 PP o10(a1— a3)*616,T
tween the volume-averaged thermodynamic fields and fluxes. 2z | <1917 %292 0101+ 0,8,
For example, for

e _C(]_O']_/(Sl"' Cl’20'2/52
zz

0'151+ 0'252

These expressions are repeated in Ref. 43. The extension

j=cE—caVT to the case of a nonzero magnetic field is given in Ref. 36
. e R _ o (see also Ref. 43The general solution is given in a review
the effective valuer® and a® by definition relate(j) with i a4
(E) and(VT), where( ... ) is the volume average, and
(Jy=0%E)—c®a®VT). (56)

' . o ) 2. EXPERIMENTAL INVESTIGATIONS
The calculation of the effective kinetic coeffiicents as-

sumes that the characteristic size of the inhomogeneity, if-1: Semiconductor anisotropic thermoelements and

this case the thicknes of the packet, is much larger than the 96V1®S

characteristic mean free path lengths. The problem of calcu- Interest in the investigation and practical application of
lating the effective kinetic coeffiicents, in general, for anthermoelectric phenomena in anisotropic media appeared af-
inhomogeneity of an arbitrary foriftoordinate dependences ter new semiconductor materials were synthesized. Their ba-
of the local coefficientshas not been solved. However, an sic characteristics are given in Table I.

exact solution, suitable for an arbitrary ratio of the coeffi- As indicated above, a thermoelectric field which is trans-
cients in different layers, is possible in the case of planeverse with respect to the temperature gradient arises in ther-
layered media. Effective kinetic coefficients were obtained inmoelectrically anisotropic media in a nonuniform tempera-
Ref. 32 for the case where an elementary packet consists diire field. Correspondingly, when a current passes through
two layers and the local coefficients are isotropic. In Ref. 33such a medium, a transverse heat flux arises in it. These
these calculations were made on the basis of the methods t#atures made it possible to produce a thermal device of a
Ref. 42 for the general case of an arbitrary periodic depenrew type called an anisotropic thermoelemgkt).

dence ofo anda on «, and the term omitted in Ref. 32 was The first ATs were made of single-crystalline bismuth.
also added to the componek§,. The effective kinetic co- The magnitude and character of the temperature dependence
efficients are of the anisotropic thermoelectric power in Bi can be quite
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easily controlled by doping and introducing double of the AT is determined mainly by the thermoelectric power
interlayers*®#® Bismuth has proven itself well in different anisotropy coefficient of the material and the shape factor
radiation detectors and microelements. Bi—Sb alloys with a/b
high thermoelectric figure of merit in the range 140—-180 K
are used in thermoelectric refrigerators operating in a trans- Si=(a~a.)alb. (59
verse magnetic fielt*® If the Peltier effect is weak, the time constant of the AT is
Single crystals such as Hie; and Te, which are tech- given by the expressiéh
nologically inefficient, are highly layered and ductile. This is 5
due to instability of their thermoelectric and electric param- 7=0.40%¢, (60
eters. As a result, such materials are difficult to use fofwhere¢ is the thermal diffusivity of the AT material in the
ATs 4950 direction of heat flow.
Single crystals of some silicon compounds with transi- ~ The threshold sensitivity of the Afthe equivalent noise
tion elements, for example, MnSjs and CrSj, are of powey is limited only by the thermal noise
interes?=°® The high thermoelectric power anisotropy
(Aa=100 uV/K at 300 K), which remains in a very wide
temperature rang€200-1000 K for CrSj), makes it pos-
sible to use them as high-sensitivity, low-noise anisotropigN

diation detect Th detect ioanti here o is the Stefan—Boltzmann constarit,is the tem-
radiation detectors. 1hese detectors possess a gigantic gfférature of the AT, ang is the resistivity of the AT. Analy-
namic range and a high linearity of the output parameter

Furth th d ising f tsis of this expression shows that the equivalent noise power
bur. efrmokr:.e,h esite compo_unts are [:r)‘rongltsmgl otr.u.st,e as I?g determined by the geometry of the AT and the material
asis for high-voftage, anisotropic, heat-to-electricity Con'parameters. Depending on the specific problem, the AT can

verters operating, for example, in combination with siliconbe optimized with respect to one of the parameters listed
solar cells. 63,65

above’
Some single crystals of 1I-V semiconductors Ovtimizati . . .
timization of the physical properties of a highly per-

(Aa=120-350 uV/K> =9 possess a high thermoelectric fect phmizat physical properti 'gnty p

. hiah bined with hi CdsSb single crystal and the technology of treatment of
power anisotropy at high temperatures combined wit Igrlhe crystal made it possible to build and put into production
optical transparency in the infrared randR). These mate-

ol loved f tical AT tind i iical t a number of new optical devices and systems. For example,
rais are employed for optical Als operating in optical ranS-y,;s atarial can be used to delimit the short-wavelength part

m'SS'OCT reglm(;el\s/l\f\l/r/]% make it possible to control heat quxe%f the IR region of the spectrum with a substantial transmis-
exceeding L. . . . _sion (98% in the range 2.6—4@m (Refs. 66 and 67 The
The group of anisotropic thermoelectric and optlcal-h-gh refractive index 1=4) makes it possible to use this
thermoelectric materials based on CdSb single crystals al aterial for immersion IR filters—lenses and internal-
directionally crystallized eutectics CdSb—MeSb, where Meabsorption ATE8 Such devices reliably protect onboard and

de:‘é?}ngﬁ rlneta(N_| ' (t:o’ M?r)] mustl b? _spf)_eually fsmgl_(ted ; stationary apparatus of different kinds from background ra-
out. € low anisotropic thermoelectric iguré ot Mert of ;445 35 well as artificial and natural illuminations. An ex-

these materials makes it difficult to use them for direct con—ample of such an apparatus is the “Fakel” fire detector in a

version of heat into electricity. However, because of theSmoky atmosphere; “Kvant,” “Kvant-RT,” and RPI py-

l’.veffk tfetrEpeEI\:[ur.e-ctiﬁ pendencglgf ?fovo:;tagte—powir SeNSbmeters; and sensors for prevention of explosions in coal
V! ¥f.°. te 'S N S {alrlgeK,l a ; K eC deSrEpera urde mines and for other objects. The construction and fabrication
coethicien IS ps= L0 or an technology of a unified thermoelectric module and AT piles

— -1 H
“3_9'12_0'.1.5.%K for CdSb—CoSpand the h|g_h value have been developdthe characteristics of anisotropic ther-
of this sensitivity, as well as the temporal stability of the moelectric modules are presented in Table Il

parametef$ and large geometric size of the crystals, a num- The characteristic features of anisotropic thermoele-

ber of devices and systems are serially produced. The kinetir(hents — the presence of one branch, the heat flow is per-
characteristics and other parameters of ATs based on diffe yendicular to the electric field, the voltage—power sensitivity

ent classes of anisotropic materials can be compared usi gindependent of the geometric size in the direction of heat

Tabi/?”:' AT dast t heat flux t q flow combined with optical transparency and possibility of
en AlS are used as temperature or heat iux transdu roducing a device with a short time constant — have

ers, the following ba§|F: .parameters are'used: temperature a ened up prospects for wide applications of such elements.
voltage—power sensitivitg; andS,, the time constant, the One of the first devices developed is a device for mea-

o H 63,64
threshold sensitivityPy, and the detection powdb. .suring the effective values of high-frequency currents and

The chief characteristic of ATs is the voltage—power Sensiy, o jtages(measurement range 1-500 mA with a nominal emf

tivity S;. From the heat balance equation for a vacuum ATOf the AT of 20-60 mV.%>"° The transducer consisted of
operating as a radiation sensor, we otftain two ATs, connected electrically in series, together with an
electrically insulated ohmic heater with a definite resistance
quo-aaHKL_aLKH)(KHKL)_lC_lr (59 betv_veen th_em. D_iﬁerent working faces of the ATs were
equipped with radiators.
The weak temperature-dependence of AT-based mod-
wherec is the width of the AT. The temperature sensitivity ules made it possible to use them in systems for rapid,

B 8K||KL(UOpTaCb71)O'5

min (a'HKL —a, KH) (61)
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TABLE II.

Area of working Power-voltage Internal resistance Time constant

Type faces, crh sensitivity S, VIW R, kQ 7,8

ATEM 0.2x0.2 0.46 0.2 05
ATEM 0.5X0.6 0.54 4.3 1.1
ATEM 0.7X0.7 0.63 7.0 1.2
ATEM 1.0x1.0 0.06 0.09 1.6
ATEM 1.0x0.3 0.52 8.2 0.6
ATEM 1.2x1.0 0.27 16.0 2.4
ATEM 1.5X1.5 0.72 27.0 13

contact-free monitoring of the parameters of semiconductoHeat meters operating in the optical transmission regime are
transistors, integrated circuits, Peltier microrefrigerators, an@specially efficient.
other devices. The modules in such systems are used as non- Meters for measuring the intensity of ultrasound in lig-
selective radiation detectofsensitivity~0.56 V/W and the uid organic medid® power in laserd® and density of inco-
time constant is of the order of 0.4. 'hey are made of an herent radiation from light-emitting diode${=0.15 V/W,
optimized CdSb—NiSb eutectic. The setup makes it possibldetection area 1X41.4 cnf, =2 9), have been developed.
to monitor the parameters of the devices being checked ifhe compensating radiator is a STV-1 incandescent lamp,
the controlled heat load regime in the temperature rangavhose current depends linearly on the temperature being
200-360 K within 0.1 K and to measure in a wide currentmeasuredthe pyrometer is especially effective at room tem-
interval the dynamical characteristics of the refrigeration ancperatures
heating capacity* In the dynamic operating regime, AT-based devices

Anisotropic thermoelements are used in devices for meamake it possible to detect thermal processes with a duration
suring millimeter and submillimeter microwave power. Theof the order of 1.0-0.01 mS. The power substitution
main part of a device is the absolute measuring transducemethod is used in the microwave power meter in order to
which consists of a waveguide and a CdSb—CoSb AT. Aeliminate any effect due to the surrounding medffnA
thin-film heater is deposited under an absorbing layer on itgonstant current is passed through a standard heater placed
top face. This makes it possible to determine the averagen the top working face§,=0.24 VIW, 7=0.2 3.
microwave power by the substitution method. The minimum  Calvet microcalorimeters, which employ an AT in the
detectable power is 1uW, the meaurement limits are form of a spiral, possess a high threshold sensitivity 1.0-0.1
0.05-10 mW, the error equals 5%, and the time constanzW with a time constant three to four orders of magnitude
equals 0.6 €2 Through-type AT-based detectors have beerlower than in the thermocouple analdsThe temperature
made by the transparent-wall method. Such detectors makeringe of the measurements of a differential anisotropic mi-
possible to detect radiant fluxes of average and higtcrocalorimeter is 280—380 K.
power’374

Coordinate-sensitive, anisotropic, nonselective radiation
detectors have been developed. They are used in the ran
0.2-40um. They locate the coordinates of radiation focuse
in a spot in a 0.05-0.1 mimregion to within 20% on a In 1988, it was discovered that single-crystal high-
receiving area of 1-1000 nfmOther detectors of an analo- superconductor films in a normal state generate an anoma-
gous type with a detecting area of 880 cnf and a resolu- lously high thermoelectric signal when irradiated with an IR
tion of 1x1 cn?, $;=0.06 V/W, 7=1.6 s, and threshold laser. Such films are promising materials for primary trans-
power 1.5 W/cri have also been developé&t. ducers of measuring instruments employing thermoelectric

A heat-flux comparator for performing measurements inpower anisotropy. There is an extensive literature on the an-
a wide temperature range has been developed on the basisisétropy of their physical properties. We present some refer-
a CdSb AT modulé® Depending on the purpose of the com- ences with no pretensions about being complete.
parator, consisting of 8—20 ATs with a detecting area of = Most experimental data on thermoelectric power have
10 4-10 2 mn? and a coating with a prescribed spectralbeen obtained on YB&uO,_, single crystals
characteristic, the construction of the transducer makes itYBCO).82-8The properties of the samples are usually mea-
possible to perform measurements by both contact andured in theab plane, since they differ little in tha andb
contact-free methods. directions and along the axis. Comparative investigations

A series of devices for measuring heat fluxes of up to 40f the thermoelectric power in ceramic, epitaxial films, and
kW/m? has been developed using CdSb ATs and artificiallysingle crystals have established a good correspondence be-
anisotropic thermoelementthe working coefficient is of the tween data for single crystals and films in thb plane and
order of 100 W/crA-mV and the time constant equals 0.1— data for ceramic&®’ The maximum values of the thermo-
3.0 9.”" The devices are temperature controlled with thermo-electric power are of the order of 70V/K in the ab plane
electric Peltier modules. They possess several measuremand 10 V/K along thec axis®8°In compounds of other
limits and can operate both from a grid and autonomouslyhigh-T, superconductors, for exampléla; _,Sr),CuQO,

g. Anisotropic thermoelements based on single-crystalline
igh- T, superconductor films
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(Refs. 89 and 90 Bi,Sr,CaCuyOg (Refs. 91 and 92 and  hot change sign when the direction of irradiation is reversed.
EuBa,Cu,0; (Ref. 93, a similar behavior of the thermoelec- This change in polarity indicates that the signal depends on
tric power tensor components,, and «., differing mainly ~ the temperature gradient in the film. The response does not
in the magnitude of the coefficient, is observed. depend on the polarization of the laser beam and exhibits a
The greatest amount of data on the anisotropy of thétrong temperature-dependence, characterized by the pres-
resistivity is available for highF, superconductors of the ence of two temperature thresholds. The laser-induced volt-
type MBaCwO;_,, where M is ytterbium or different age arises not only in the pulsed regime but also in the case
lanthanides*~*8 Data on other compounds can be found inOf irradiation in the cw regime. A signal is present in the
other works: BjSK, ,Ca Cu,O; (Refs. 99-101L and orthorhombic phase of YBCO and is absent in the tetragonal
La,_,Sr,CuO, (Refs.102—10% We note that the thermo- phase. Crystals with axis making different angles with the
electric power anisotropy in these materials is much weakegubstrate were investigated. Electrodes for measuring the
than  the  resistivity  anisotropy of./a,,=3-6, Voltage were placed along a circle every 22.5°. The signal
pe! pap=30—50). was strongest when the line connecting the electrodes made
The thermal conductivity of polycrystalline samples with an angle of 45° with the axis (or coincided with the pro-
the composition RB&L w0, , where R=Y, Eu, Gd, Dy, Er, jection of this axis onto the surface of the film
Sm, and Ho(the so-called 123 systenhas been studied These results have been reproduced in many samples. In
extensively*®~1%Another class of materials are samples of €xperiments where the axis of the films was perpendicular
the type La_,Sr,CuQ, (214 system!%®!1911The thermal to the MgO or SITQ substrates, the signal strength de-
conductivity anisotropy of these materials has received lesgended strongly on the disorientation of tbeaxis (in the
attention>112 range of angles 1-3°). For example, films with an inclina-
The investigation of the responses of single crystal highlion of 1.0° gave 20 times stronger signals than films with an
T, superconductor samples for thermal and electromagneti@clination of 0.3°. Films with a zero disorientation gave a
effects started immediately after these materials werdegligible signal. Stable signals were also obtained with con-
synthesized™® The results obtained on single-crystal YBCO tinuous irradiation of the film by a 20-mW He—Ne laséf.
films with ¢ axis inclined with respect to the surface at roomIn the experiments, they reached a magnitude of 1 mw.
temperatures are especially interesting. When such films a@ince the signal does not depend on the polarization of the
irradiated with IR laser radiatior(in the cw or pulsed laser beam, the tensorial photoeffect mechanisoturring
modes, gigantic voltaic signals are generattcording to  in the case of the piezoelectricitgannot be used to describe
some data, up to 100 YRef. 114]. The mechanism leading the phenomenon. We note that under conditions of weak
to such a response is still being discussed by different group&ermal actions and strong conductive coupling between the
of investigators. Analysis of the published data'?*shows film and the substrate, the polarity of the signal can change.
that the dominant mechanism is anisotropy of the thermoOther experimental results confirm the thermoelectrically an-
electric properties of these materials. Arguments in favor ofSotropic nature of the effect at temperatures above 240 K.
this assertion are presented below. Furthermore, the values obtained for the signals are much
In one of the first investigations, the transverse voltagehigher than the expected photoresporite authors even
under laser irradiation of YBCO films, both with and without called the phenomenon an anomalous photoeffdtte de-
a transport current, was measuféfiFiims ranging in thick- pendence of the signal magnitude on the density of the en-
ness from 0.1 to 1.5um were irradiated with 10—20 ns ergy incident on the film is confirmed by all known studies
pulses with wavelengths of 355, 532, and 1064 nm. The laserhere such measurements were performed. This undoubt-
radiation energy density was equal to 10-300%)/81TiO;, edly also confirms the thermoelectric nature of the phenom-
Al,O;, and MgO wafers were used as substrates. The me#non.
sured transverse voltage reached 0.2 fa¥en a transport The photoresponse of a 0mm thick Bi,Sr,CaCyOg
current is present, this voltage is approximately 30% lgwer film, carrying a current ranging from 2 to 200 mA, irradiated
The amplitude of the laser pulse dropped practically to zerovith IR laser pulsesX =447 um, pulse repetition frequency
over 50 ns, while the measured signal dropped to 30% of itd65 Hz, average pulse duration at half-height 6% was
maximum value over 200 ns and then dropped more slowlyinvestigated in Ref. 98. It was observed that the responses
The signal changed very little when the contacts wereare nonbolometridi.e., the film resistance did not change
screened from irradiation and dropped by 95% when only th@ear the signal maximumThese data attest to a weak tem-
region of each contact was irradiated. As the beam waperature dependence of the thermoelectric pd#/et®
scanned along the sample between the contacts, the signal The nonbolometric nature of the responses was con-
exhibited a wide maximum. The polarity of the signal firmed in Ref. 125. The maximum signal readh2 V with
changed when the contacts were interchanged. beam energy density 30 mJ/éniThe magnitude of the sig-
Similar results were obtained in Ref. 122. It was alsonal was proportional to the irradiation energy but not the
established there that the polarity of the signal changes whesnergy density. This stems from the fact that the signal re-
the backside of the film is irradiated. This behavior clearlymained constant when the region of illumination with the
indicates that the signal depends on the temperature gradielaser beam on the film between the contacts changed. An
in the film. In Ref. 123 these data are explained by a photoinfluence due to the Seebeck effect and the off-diagonal
effect with a tensorial photoconductivity. However, even in acomponents of the thermoelectric power tensor was rejected
medium with tensorial properties, the photoresponse shouldn the basis of the symmetry of the YBCO struct(ire., the
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presence of thermoelectric power anisotropy was rejgctedmalization of the temperature gradient with respect to the
The signal was found to depend on the angle between thsurface of the film. When the heat flux from the film to the
laser beam and the film. When the angle between the normalbstrate is higher than the flux from the free surface of the
to the film and the beam changed fronb5° to +55°, the  film into the surrounding air, the direction of the temperature
signal decreased linearlyfrom 110 to 55 myV, i.e., it gradientin the freely cooled film can change. The maximum
changed antisymmetrically. It was also asserted that the gersignal was obtained when the spot was located between the
erated signal does not depend on the wavelength and polagentacts. The sign of the signal changed when the spot was
ization of the radiation. In our opinion, it is incorrect to draw moved beyond the limits of the contacts. When the film was
conclusions about the macroscopic kinetic coefficients ofotated relative to the axis passing through its center, the
real highT. superconductor films on the basis of the sym-signal maximum dropped sinusoidally. A model according to
metry properties of an ideal lattice. The experimental datavhich the laser beam produces a dipole heat source in the
presented in the paper mainly are in agreement with th&lm was proposed. The authors note that the recorded signal
mechanism due to the anisotropy of thermoelectricity. In orwas several orders of magnitude stronger than expected in
der to describe some specific experiments on the basis of ttibe ordinary Seebeck effect, and a model of “atomic ther-
indicated mechanism, it is necessary to construct a speciiocouples” was proposed. The essence of the model lies in
mathematical model allowing for the concrete conditions ofthe fact that the Cu@layers and the lower-conductivity lay-
heat transfer between the film and the surrounding mediurgrs separating them are treated as a thermopile. As a result of
and the location of the electric contacts on the film. the fact that the signals from separate thermocouples are
The dependence of the response on the irradiation freSummed, the ratio of the diametarof the region of illumi-
quency on 16 laser lines with frequencies ranging from 10 td1ation to the thicknesis of the film appears in the expression
1000 xm was investigated in Ref. 118. It was establishedfor the thermoelectric power. The number of thermocouples
that the sensitivity of the signal decays strongly with increasis also related with the angle between theaxis and the
ing frequency & »~23). A current ranging from 2 to 4p¢A  substrate(see also Ref. 128Thus the following expression
was passed through single-phaseriented films. The dura- Was obtained:
tion of the response was less than 4 ns and its maximum was = .
proportional to the bias current passed through the sample. U=(a/b)AT(aap ac)sin 6. (62

The authors believe that the mechanisms of electronic hea[;sing the data from Ref. 84 on the Seebeck coefficient par-
ing and the regions of heating proposed for very thin filmsale| and perpendicular to theaxis (15 and 5xV/K, respec-
(thickness less than 100 nnare unsuitable for describing tjvely) and the values=2 mm, #=10°, andAT=100K, a
granular films exceeding 200 nm in thickness. thermoelectric power of the same order of magnitude as in
A thin (0.3 um) Bi>Sr,CaCyOg film was investigated in  the experiment was obtained:=0.7 V. Furthermore, a cor-
Ref. 127. Laser pulses with a sharp leading edge with a durelation was found between the quality of the films and the
ration of about 5 ms in the wavelength range from 80 to 200magnitude of the thermoelectric signal. Granular films did
um were employed. A rapid response and a slow bolometrigiot exhibit a thermoelectric response. The strongest signals
component were recorded. The energy density in the las&tere obtained from smooth films with a mirror surface.
pulses irradiating the sample fell into the range 2-24  The following objections can be made concerning the
kw/cn?. Only rapid responses with a time constant of themechanism described by the formula presented above. In-
order of 1 ns were observed above a critical wavelength ofleed, the formula predicts that the effect will be maximum at
100 pm. 0#=90°, while experimentally the strongest effect was re-
The preparation and investigation of 500-nm-thick andcorded at6=45°.1'" Furthermore, when the laser spot is
10x 10-mn¥ films with a small angle between tieeaxis and  scanned in the region between the contacts, the number of
the normal to the substrate are described in Ref. 119. Theatomic” thermocouples does not change and therefore the
films were investigated at room temperature. A signal apsignal magnitude should not change, which is at variance
peared in the films heated with 100-ns laser pulses 1.06  with the experimental data obtained by the authors.
wm) with an energy of 1-10 mJ per pulse. The central re-  Additional detailed investigations were performed in
gion of the film was irradiated with a beam Wit 2 mm in  Ref. 120 for the purpose of clarifying the discrepancies be-
diameter region of illumination and energy density 10tween the results obtained by different experimental groups.
mJ/cnf. Under direct irradiation the signal from contacts Films with a different angle between tiseaxis and the sub-
separated by 6 mm was equal to about 1 V with a temperastrate surface were studied. It was found that the signal
ture difference of 50—100 K between the surface of the filmstrength depends on the angle between the line connecting
and the substrate. The behavior of the signal in time correthe contacts and the projection of theaxis onto the film
sponded to decay of the temperature gradient as a result stirfface. The experimental samples consisted of 2-mm-long
heat conduction. These experiments were compared with thend 20 to100Q:m-wide bridges. A beam from a cw iqAs)
results of numerical simulationthe modified Schmidt laser illuminated, through a rectangular spectral filter, the
method was uséd’). When the backside of the film was entire width of the bridge. It was determined that the signal
irradiated(through the substratethe sign of the signal was does not depend on the width of the bridge but is propor-
different from the case of direct irradiation of the film, but tional to the length of the bridge. The result of Ref. 119 that
after termination of the heating the polarity of the signalthe signal is generated along theaxis only was confirmed.
changed once again. These data were attributed to the ndfor small angles of incilnation from the axis the signal is
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ELECTRONIC AND OPTICAL PROPERTIES OF SEMICONDUCTORS

Low-energy nonparabolicity and condenson states in In 4Se; crystals
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Institute of Physics of the Pedagogical University Rzhesow, Poland
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It is shown that a condenson state and instability of the electron—phonon system, which resolve
into a nonuniform state, are possible in the three-dimensional case of%a tmystal

because of low-energy nonparabolicity and the characteristic features of the density of
states. ©1997 American Institute of Physid$S1063-782607)00211-1

In,Se; is a promising material for solar power applica- valence bandVB) consists of 60 subbands, grouped into
tions. In recent years, it has been under intensive study iminimal band complexes with two subbands e#tfhe
both the crystalline and film statésee, for example, Refs. band structure at the valence band edge is very complicated,
1-10. Since an 13Se crystal possesses a layered structuresince a large number of subband crossings is characteristic
some of its unique properties can probably be explained bfor it. The smallest band gap is localized at the pdinht
these features of the structure and chemical bond. The quetk=0, E4=0.67 e\). The VB and the conduction bari@B)
tion of current-carrier localization, which is due to the spe-contain additional extrema, localized at the points
cific nature of defect$'? and the capability of forming (0.0,2m/a,,0) and (0,0,0,425/a3). The energy splitting be-
large-scale fluctuations as a result of the existence of differfween two minima of the CB is of the order of 0.06-0.08 eV
ent polytypic states or as a result of the existence of meta@nd the splitting between two maxima of the VB+0.05

stable states of unknown nature in real samples is importarftV- o o _ _
for these crystals. Detailed investigations of the dispersion curves near the

The simplest form of localization is electron localization €xtremal poin™ (Ref. 20 showed that they can be described

near a deformation caused by the field of the electron itsel?y the analytical expression
as first indicated by Landdd.An analysis in ionit* and 2 2 2 4 4 4
homeopolal® dielectrics led to the concept of a polaron and E(k) =~ sk azky = aske + Bikct oy Bale, (1)
condenson. As shown by Pekar andi@en’® the condenson although it has not been ruled out, as follows from our
state is due to the interaction of an electron with acousti@nalysis2’ that the electron and hole dispersion relations are
phonons. This interaction was described in an adiabatic apnuch more complicated.
proximation and the effective-mass approximation with the  For further analysis, we shall use the dispersion relation
aid of a deformation potential. The criterion obtained in Ref.(1) with parameters obtained from a least-squares analysis of
15 showed that in principle condensons with a rather largéhe  computed  data: «;=1.348<10° ¥ ev.m?,
radius can exist only in the one-dimensional cdeor two-  ,=1.996x10 ¥ eV.m?, «@3=5.245<10"%° eV.m?,
and three-dimensional systems, the criterion is essentiallg;=2.697x10" % eV-m*, B,=2.092x10"% eV.-m?*
not satisfied for any known semiconductor material, if theB;=8.452<10"3"  eV.m?, for the CB and
formation of the condenson state is analyzed only for a quas;= —5.445<10 1° eV-m?, @,=6.911x10 ¥ eVvV.m?
dratic current-carrier dispersion law. Kibisshowed that in  «;=5.680<10 *° eV-m?, B;=-5.870<10 % ev.m*,
two-dimensional layers of hole semiconductors a hole energy,=7.106x 10 3¢ eV.-m?, 8;=3.799x 10 %" eV-m* for the
spectrumE (k) ~k* is realized under some conditions, and in CB. Rewriting the expressiofi) in terms of the dimension-
this case a large-radius condenson state can form for an dess quantities, we find that the coefficients of the fourth
bitrarily weak interaction of the charge carriers with acousticpowers of the variablek,a, /w, kya,/m, andk,az/m are
phonons. We shall show that condenson states are also pds+0 orders of magnitude larger than the coefficients of the
sible for three-dimensional systems, specifically, foySky ~ quadratic terms. It should be noted that the coefficients of the
crystals. According to Ref. 17, the dispersion law is of greatjuadratic terms are negative, and that the dispersion relation
significance for solving this problem. Therefore, we shall(1) differs substantially, by its nonparabolicity, from the
briefly discuss the characteristic features of the band spestandard dispersion relation used for rather large valu&s of
trum of an InSe; crystal. as happens in IllI-V semiconductors.

An In,Se; crystal contains 14 atoms in a unit cell with It is evident from the expressiofl) that the absolute
the lattice parameters, =15.297 A and is described by the extrema are localized not exactly at the center of the Bril-
space grouPnnm?® According to our calculation®?'the  louin zone k=0); rather, they are shifted into the points
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k== (a;/2B;)*? (i=1,2,3). A region of negative curvature
is present near the poidt (see Fig. 2 from Ref. 21 The Upo=| —
depth of the band minimum is determined from the relation
Eo = ai2/4ﬁi ; as numerical estimates for the CB showed, the
largest depth is observed in the directibr-Y: Ep,=47.6
meV, and the smallest depth lies in the-Z direction
(E03: 1.0 me\b.

In summary, the dispersion relatidf) is characterized
by a many-valley nonparabolicity with negative curvature at DA 33— D3N o3 D3\ 29— oA o3
the smallest wave numbers. The dispersion relations of the B=A;,—; 1373 ,
additional valleys have essentially no anomalies and are de- Ao Mook A23™ Mook
scribed quite well by a quadratic function. Noh e Aok ook e Ao

To solve the problem of the formation of a condenson A =), + N0 24, 222 13 721723
state we shall examine the interaction of charge carriers with N53—Nooh33 N33~ N33
acoustic phonons, taking into account the dispersion relation
(2). Accordingly, we employ a variational procedure, as don
in the classical work by Digen and Pekal The problem

Aahsz—Naghos B N by 33— b3h o3
Ns—Aahas A A3 Nohas

2.

Aaoh 13— Aaihos B N D3N o= boN o3
Nog—Naohaz A A= Apohas

¥, (5

Uss=

where

Eliminating u;; from Egs.(2), we reduce the problem to
eTinding the extremals of a new functional. The result is

consists of finding the extremals of the functional ~ 4.3
E(4)=Eo(¥)—A| [4|*d (6)
ap\? ap\? aw
E(puj == o x| T ay tag| o d°r HereEy(¢) is the part of the functional without the electron-
) phonon interaction, and
P
{ (_> 2(_2> b B b Aath3z—Nigho3 B bohgz—bghog
i » B I AN
) A3~ Aol 33 A3~ Aol 33
P
+ B3 E) dsf"’f > bijuij| ] %d®r Nooh13—Aathoz B Dahpo—bokos @
3 -~ .
1 NoaAohas A Mgk
+§ 2. NijkiUijUg (20  We minimize the functional5) with the aid of the trial
1kl functior?®
whereb;; (b;j=b;/) are the components of the deformation ( )13./2 312 2
potential tensor, andl;j =\ are the components of the W(r)= M) eX[{—’JT 1) e
tensor of elastic moduli. (ajaa3) ' a
The extremal/(r), which is a characteristic function of 2 2

the Schrdinger equation, in the presence of an electron- + H2 y2+ Hs 22|, 8
phonon interaction term in the deformation potential ap- az a3

proximation is determined with the additional condition which satisfies the normalization conditiom;, x,, andus
are dimensionless variational parameters, anda,, andas
J || ?d3r=1. (3)  are lattice constants.
After integrating we obtain
For the interaction of an electron with longitudinal acoustic

2
phonons, the diagonal terms of the deformation tensor are E(u)=—7 al(ﬂ) +a, H2 +as Hs
sufficient: u; =u; (i=1,2,3). & a as
The absolute minimum of the functional can be sought u AL
by varying first the components of the deformation tensor +3w2[,81<a— + B2 + B3 ™
with a fixed arbitrary functioryy and then varyingy. We
equate to zero the variation of the functiofalith respect — MiMops
to u;; . For the case of an orthorhombic crystal, we obtain the - M- C)

system of equations
In order for stable condenson states to form, the func-

N11U11+ N gaUppt N1gisgt by gf?=0, tional E(u«) must possess a minimum. The necessary condi-
tion for an extremum can be found from the system of equa-
N2gUapt N 1ligg+ N pgligat bpyf?=0, @ ons

Naglizgt N yalyst Aoglizot bgyh?=0. 27ay 1272 4
3_% _

It follows from the systen(4) that @ Hit at Mo aiajak_o’ (10
I sz_ i=1,2,3;j=2,3,1; andk=3,2,1. However, for the purpose
1 AT of estimation, we restrict the discussion to the case where
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M1, M2, and ug are equal to one another, and the lattice  The conditions for forming “drops” of a multiconden-
parameters can be replaced by the reduced valusate liquid, most often in the region of deformation random

a,, = (a;a,a3) Y and only one of the equations {@0) need  wells, which exist in the spatial relief of the CB or VB edge,

be used. are created by producing additional current carriers by dop-
Solving Eq.(10), we obtain the following expression for ing, injection, or photogeneration.

Mmin: Stable, nonuniform states are sure to be obtained if the

decrease in the electronic energy, associated with the over-
flow of carriers into the region where the band bottom is
lowered, exceeds the gain in the lattice deformation energy.
The parameteA is then defined &5

_ Ra,, +a,,(A2+967%a )"
M min 24’7T2,3

, (11)

wherea andB assume the values,,a,,a3 andB4,85,83, )
which are presented above. A= b

We shall estimatéA on the basis of the data on the NIE((N,T)/dN "
deformation potentialé®* and elastic modul for an InSey  gince the density of staté®S) as a function of density is
crystal: A=5.588< 10" * eV-m®. Then um,~0.06. As one  directly proportional to the reciprocal of the rate of change of
can easily see from Eq11), the parameters and in the  the Fermi energ¥; as a function of density, it follows from
dispersion relation make the main contribution tQ».  Eq.(13) that an instability arises for a high DS at the Fermi
Since E(umin)<0, a condenson state forms. The radius oflevel. Substantial growth of the DS at the Fermi level is
this state is determined from the expression achieved by two avenues: by carrier redistribution in many-
valley semiconductors from a lighter to a heavier valley or

(13

2
ag~£@, by “explosive” growth of the DS at the Fermi level as a
™M result of the characteristic features of the topology of isoen-
from which we finday=9.4a,,~ 100 A>a,, . ergetic surfaceflSs). We shall show that in our case the DS

possesses features that ensure the critékied for the stan-

The latter estimate shows that a condenson state is dd 3 val tth riisof the def . ial
termined in the model with the parameters ofSg; in the ~ dard values of the constantisof the deformation potentials
._and elastic modulk.

continuum approximation, and its binding energy is i )
E,~4x1072 eV. Figure 1 shows the sequence of ISs for electrons in the

The role of the electron-phonon interaction in thgSe; main valley of an ISe crystal. As one can see from Fig. 1,

crystal actually reduces to scattering of current carriers insidHqe topology of the IS changes abruptly, and this correspond-

a complicated valley, where an electron can occupy state'g'gly _results In a change_of the DS asa function of energy.
with different “effective masses”(positive, negative, and Since the anisotropy is not very important for realization

infinite), which promotes mixing of the states described bymc a stable condenson statnly the presence of terms with

the Bloch functiongu, and formation of a localized function oUrth powers of the components of the wave numbers in the
dispersion law(1) is importan}, to find the characteristic

of the form ) . . ;
features in the DS we shall restrict the analysis to the isotro-
B pic case of the current-carrier dispersion relatidn
y=| C(k)¢hdk. (12 Equation(1) in spherical coordinates is
The condenson model corresponds to the situation in  E(K, 0,¢)=—k*+A(6,¢)k%, (14)

which each current carrier interacts with the lattice individu- , here

ally via a deformation potential. Such an analysis is justified

for low, free-carrier densities. Since in insulators or semicon- B .,
ductors a lattice is formed in the absence of free carriers; in ~ A(0,¢)=—[(sin ¢+cos g)cos 6+sin' 6].
their presence the electron-phonon system can become “«

unstable?®=28 In Ref. 26 a critical parametek for the ap-  We thus find

pearance of such an instability at low temperatures was ob- 1+[1+4EA(6,¢)]2

tained for the isotropic case: K2(E, 6,¢)= oINS (15)
I(P
2
A= 3b—n: asn)i3 The surface of minimdFig. 29 depends on the direc-
2NE(k¢(n)) (85n)™

f tions and is determined by the expression

wherea, is the condenson radius. As indicated in Refs. 26 1 1

and 27 , the instability criteriod>1 corresponds to carrier Emin= k2. = (16)

densities for which the regions of the condenson states over- AA(0.¢) " 2A(0.¢)

lap, i.e., a case in which a multicondenson forfcendenson  The absolute minima of the energy are concentrated at the
liguid). However, since a condenson state in the continuousertices of a cube. Figure 2b shows the IS, which consists of
approximation is not obtained in the quadratic dispersion retwo parts — internal and external. As one can see from Fig.

lation approximation, in this approach finite multicondenson2b, the surface is an average between a torus with “loops”

states could not be obtained. In our case, such obstacles apf minima and a three-dimensional torus with a surface of

parently do not arise. minima. As a result of the change in the topology of the IS,
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FIG. 2. Surface of minim&a) and parts of the isoenergy surface obtained
with the MAPLE 4 program(b) for the dispersion relatiofil4).

most likely resolved by a transition into a nonuniform state.
Thus, we verify in different approaches that the disper-
sion relation(1) can be used to obtain a nonuniformity in the
form of multicondenson drops, which apparently are respon-
sible for the particular features of the physical properties of
an In,Se; crystal(realization of a temperature dependence of
the electrical conductivity in the manner of the Mott law in a

E=-0.04 ¢V

FIG. 1. Sequence of isoenergy surfaces for electrons in the main valley of
an In,Se; crystal.

the Euler characterisfi¢ y(E) changes from &2 to +4

with increasing energy. In the process, the DS increases in ¢ ~ &4

peak-like manner with increasing dendify, is a singularity
corresponding to¢(E) =4, which is slightly “smeared” on
the left side by a transition from another topology with char-
acteristic y(E)=2]. The computed energy dependence of
the DS for the dispersion relatidid) with the parameters of
an In,Se crystal is shown in Fig. 3.

In summary, just as in the case of electrons in a quan-
tizing magnetic field® the concentration barrier, which is
used for the realization of the critical state and which exists
for the standard quadratic dispersion relation, can be elimi-

sufficiently wide temperature rang®frequency dependence
of the electrical conductivity* complex temperature depen-
dence of the thermoelectric pow&rand anisotropy param-

eter of the electrical conductivity, multiple inversion of the
Hall coefficien
viation from Hooke’s law at low stress&k

22 anisotropic scattering of x raysand de-
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Tunneling effects in the luminescence spectra and the electrical properties of blue light-emitting
diodes based on InGaN/AlGaN/GaN heterostructures have been investigated. The tunneling
radiation in the energy range 2.1-2.4 eV predominates for weak curreft2 (mA), and its role
increases as the peak of the main blue band shifts into the short-wavelength region. The
position7 w5, Of the maximum is approximately proportional to the voltagde. The shape and
intensity of the band are described by the theory of tunneling radiation. The current-voltage
characteristics for low direct currents possess a tunneling component with exponent
E;=130-140 meV. The distribution of electrically active centers reveals extended, compensated
layers in then- and p-type regions, adjoining the active layer, and indicates the presence of
charged walls at the boundaries of the heterojunctions. A strong electric field is present in the
InGaN active region. The energy diagram of the structures is disctissed1997
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1. INTRODUCTION emission maximum varied in the range corresponding to the

. . . _..__blue and green region of the spectriisee Refs. 2—4 and 7
In Refs. 2—4 we discovered that tunneling rad|at|onfor a more detailed discussipn

plays a large role in the luminescence spectra of ultrabright Th : . . .
e spectra were investigated in the current interval
blue LEDs based on InGaN/AlGaN/GaN heterostructuresJ:0.02_30 mA on a KSVU-12 system with a 486 IBM

(HS9 att.IO\t';’] currentst. AI:unnelrg-ctirrggégmr;cmen;Waspersonal computer. The direct and reverse branches of the
present In the current-vollage characterl otthe d- 1vcs were measured in the interval1x 107 7—30 mA.

Edesa The o!lffgirenaesof tt:ﬁ qu;z_ffLEDst flrom grt'ee? _d'ot(:]eﬁ\/leasurements of the dynamic capacitance of the space
ased on simrar s with a difterent In content in echarge region by the method of Ref. 8 made it possible to

InGaN active region was.explamed. by the smaller thlCknes‘fﬂetermine the distribution of electrically active centers in the
of the space-charge region and high electric fleltd.was p-type layer

proposeé* that tunneling-radiation models, developed for
other llI-V compounds;® be used for analysis.

In the present work we investigated in detail the
tunneling-radiation spectra and electrical properties of blué- EXPERIMENTAL RESULTS
LEDs, described in Refs. 2—4. Measurements of the dynamig.1. Room-temperature spectra
capacitance and charge dlstrlbutlpn in the struc_tures were L spectra of one of the blue LEDs at room temperature
analyzed. It was shown that tunneling effects dominate when . oo

) . . s . . and with the current varying in the rande=0.03—0.1 mA
the field strength is sufficiently high in the active region—a ST .

; are shown in Fig. 1. The spectral band, whose maximum

guantum well. The energy diagram of the heterostructures, : .
. shifts from i w,=2.20 to 2.34 eV as a function of the

was determined more accurately. The spectra were analyzéd

. : . . oltage V on the diode, is related with tunneling radiative
on the basis of the diagonal-tunneling theories. The role o o . .
: : . o recombination. This band dominates for smal for
fluctuations in the active layer is discussed.

V>2.30 V, the blue band, which predominates at high cur-
rents, grows rapidly.
> EXPERIMENTAL PROCEDURE Figure 2 shoyvs that the relative role of the tunneling
band increaseswith the same voltage a8 on the p—n
Light-emitting diodes based on InGaN/AlIGaN/GaN junction) as the maximum of the blue band for different
structures, grown by gas-phase epitaxy using organometallicEDs shifts into the short-wavelength regicthe In fraction
compounds, which were provided by Dr. S. Nakamura, decreases
were investigated. n-GaN:Si {~5um) and a thin Figure 3 showsi w,,,, and the intensity ., versus the
(d=2.5-3.5 nm) active Ga _,N layer were grown on a voltage eU=¢e(V—-JR,) (R is the serial resistangeThe
sapphire substrate. This was followed pyAl, ;Ga, JN:Mg quantity 2 w .y is related linearly witheU: # wp,=eU—D;
(=100 nm) andp-GaN:Mg (=0.5 um) layers. For compo- |,,ax iS related exponentially:l.~expeUE,), where
sitionsx varying in the range 0.2—-0.43, the wavelength at theE,=70—-80 meV.
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2.708 andRg decrease with increasirgw ., This behavior is evi-
dence of a change in the mechanisms of the current and
radiation from tunneling to injection into the active region.

Figure 4 also shows the IVCs for reverse voltages. They
possess two exponential sectiods; exp(—eVE;), with en-
ergies E;~0.6 eV at voltages 34—-V<6.8eV and
E;~0.96—0.98 eV at voltages 6:8-V<10 V. The values
of E; do not depend oii. These current components can be
described as a tunneling breakdown.

At voltages —eV>10 eV~=3-E4(GaN) impact ioniza-
tion appeared and luminescence due to an electron-hole
plasma was observed. Reverse currents and emission spectra
accompanying impact ionization will be examined in a fol-

R T lowing paper.
2.4 2.6 2.8 3.0

)
T
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Energy, eV

3.3. Capacitance versus voltage characteristics, field and
potential distributions

Intensity, arb. units

The measurements of the voltage dependence of the ca-
pacitanceC(V) and a plot of this dependence in double-
logarithmic coordinates showed that the space charge region
(SCR can be represented equivalently as two serially con-
nected capacitance€,,, whose magnitude depends very
little on the reciprocal of the voltage, ar@},, which deter-
mines the change in the capacitance of the entire structure. In
the absence of a bias voltage, the contribution of the SCR to
C, equals about 45% of the total width of the SCR. This
capacitance is due to the charge in thiayer, whose expan-
sion is limited by the strongly dopewtregion of the struc-
ture. The change in the total capacitance of the structure is
due to an expansion of the structure in the direction of the
FIG. 1. Room-temperature tunneling radiation spectra of blue LED No. 3more |ight|y doped p-type region
with currents J=35-100uA and voltagesV=2.16-2.34 V. a—Linear  (GaAIN:Mg). The part of the contact potential referring to
scale; b—logarithmic scale, the blue line is subtracted out. The dots show, . .

the p-type region,AV,, determined from th&€(V) curves,
wasAV,~0.5-0.6 V. The part of the contact potential re-
ferring to then-region wasAV,~0.4=0.5 V. Therefore,
AV,+AV,~0.9-1.0 V. The compensated layers adjoining
the active region are of the order of 10—15 nm thick on both

Figure 4 shows the direct and reverse branches of theides. A partAV,, of the contact potential falls across these
IVC at 300 and 77 K; the variation of the derivative quasineutral layers, but the larger paftV;~2.0-2.4V,
E;=dV/d(InJ) in the rangeU=1.8-3.0 V is also shown. falls across the thin2.5—-4 nm active layer. A potential
In the exponential partJ~exp@UE;), the energy distribution of this type is formed by the charged walls on
E,=130-140 meMwith voltageV=1.5-2.5j at low di-  the heterojunctiongp-AlGaN/InGaN and InGaNi-GaN). A
rect currents; similar results were presented in Ref. 9. Thenodel of such walls has been discussed in Ref. 10. The for-
quantity E is virtually independent ol (155-165 meV at mation of the walls could be due to upward diffusion of
77 K). This part corresponds to the tunneling component ofmpurities as a result of the deformation potential, electric
the current. In this interval, the intensity of the tunnelingfield, and broken bonds at the boundaries of the layers.
band is approximately a quadratic function of the current,
| max~J2. The injection component of the current dominates

T T TTTTT

01k

2.2
Energy, eV

the theoretical approximation at currents of 60 andu@0

3.2. Current-voltage characteristics

at high voltages/>2.6-2.7 V: 4. DISCUSSION
J~expeU/mkT); U=V-JR;. 4.1. Potential and field distributions; energy diagram
It should be noted that in the interval £8<3.0 V the The model potential and field distributions, obtained

semilogarithmic derivativeE;(V)=dV/d(In J) possesses a from an analysis of the experimental results, in the structure
maximum near V=2.3-25V and a minimum near under study is shown in Fig. 5. It should be noted that a
V=25-26V, i.e, in the region of the transition of the strong electric field of up t&Z=6x10° V/cm exists in the
spectra from the tunneling band to the main b&Rd). 2). active layer. As the direct voltage increases, this field de-
The shift of these extrema from one diode to another equalsreases starting at valués~AV;~2.0-2.2 V, but the tun-
the shift of the maximum of the blue band. The minim&yn  neling component of the current still dominates. This situa-
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FIG. 2. a—Spectra of blue LEDs at the same
voltageV=2.304 V. The spectra are normalized
to the maximum intensity of the blue emission
band. The dots show the approximation of the
blue and tunneling lines. b&V/d(In J) versusV

for the same LEDs.
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tion is illustrated in Fig. 6a. When the voltage increases tavhere Eg is the effective band gapn is a dimensionless
valuesU~AV;+AV,,~2.4-2.6 eV, the injection compo- parameter that depends on the ratio of the electron and hole

nent dominategFig. 6b. effective masses,
Eo=[(A/(2m§,)")es]*R, )
4.2. Tunneling radiative recombination is the exponent in the theory of the Franz—Keldysh effect,

The theory of tunneling radiative recombination was de-Mg, is the reduced effective mass, aiids the electric field,
veloped for homogeneoys-n junctions which are degener- Which is assumed to be constant in the region of overlapping
ate on both side%’ We employed this theory with some Of the electron and hole wave functions.
modifications for our more complicated case of a multilayer ~ The experimental spectra in Figs. 1 and 2 were described
heterojunction. The tunneling radiation spectrum can be deby Ed. (1) by fitting the parameters to obtain the best agree-

scribed by the formula ment between theory and experiment. The main blue band
was first calculated from the sum spectfigs. 1 and 2 it
l(hw)~[fhol(Eg—fiw)] was approximated by a theoretical curve in the manner de-

X[ (haw—eU)/ ho—eU)/mkD —1 scribed in Refs. 2—4. One can see that the theoretical curves
[(Fo—eU)/(exp(fo—eU)/mkT) —1)] describe the experimental spectra well. Fitting the param-
X [exp( — (4/3)(Eg—fiw)/Eg)4], (1)  eters showed thaU in Eq. (1) equals, to within the limits of
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FIG. 3. a—Position of the maxima of the tunneling band versus voltage for : I Eu
three blue LEDs; straight lineiw=eU—-eU,, U,=0.04 eV. b— | :
Tunneling radiation intensity versus voltage for the same LEDs; straight '
lines—approximation by the functioh,,=A exp(eU/E,), the values of '
E'<345) for LEDs Nos. 3, 4, and 5 are, respectively, 0.0712, 0.0640, and

0.0740 eV.
FIG. 5. Diagram of the heterostructuf@, distributions of electrically ac-
tive centers and space char@e and the electric fieldc), and energy dia-

accuracy, the measured voltage on the structure; the effecti\géam at eqduilibriuntu, 7_—%@5‘”9“”3:]" andp-GaN layers?, 6—ti‘g‘:zed
band gap required fo agreemenEig—2.6-2.9 eV; the pa- - 1opcc, X SECeTS 1, 1 sbace charoe e conmerted e
rameterm=1.6.

The most important result was found to be the value of
the parameter Eg required for agreement: field required for tunneling radiation:
Eq=0.35-0.42 eV. Hence an estimate was obtained for the’=(4—6)x 10° V/cm; the effective masses in InGaN were
calculated to be proportional 8 from the values for GaN
[mg =0.20my andm’ =0.54m, (Ref. 11]. The large values
of ¢ agree with the analysis of the distribution of the fields
from capacitance measurements.

4.3. Tunneling effects and fluctuations of the potential

The model of radiative recombination for the main, blue
line in the spectra took into consideration the potential fluc-
tuations arising in the two-dimensional active layer as a re-
sult of nonuniformities of the solid solution, fluctuations of
the well width, and the Coulomb fields of the impuritfes.
Estimates of the fluctuation electric fields from this model
give £~(2-3)x 10 V/icm. The fields due to the fluctua-
tions act together with the electric field of tipe-n hetero-

Voltage, V junction and should affect the tunneling radiation.
FIG. 4. Current-voltage characteristics of the blue LED Ndl,2—Direct . We do_ no_t discuss _here the quest_lons concerning the
voltage, 3, 4—reverse voltage:l, 3—T=300K; 2, 4—T=77K: 5— Size-quantization levels in structures with a strong electric
E;=dV/(In J). field in the quantum well. The role of impuritidacceptors

Current J, A
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FIG. 6. Energy diagram of a heterostructure under direct bias voltages. a—tunneling, b—injection.

Mg and donors Siin tunneling junctions also fall outside the *e-mail: yunovich@scon175.phys.msu.su
scope of the present discussion. In general, the nature of thl)él'he_ present work was reported at a meeting of the Materials Research
luminescence band with a maximum at 2.2 eV, which is SOcie®. Boston, 199%.
attributable to defects and which are studied in Ref. 12, must———
also be taken into account. These questions require a separate
analysis.
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Electron-structural metastability of cationic donor centers in GaAs
D. E. Onopko and A. I. Ryskin

All-Russia Science Center “S. I. Vavilov State Optics Institute” 199034 St. Petersburg, Russia
N. T. Bagraev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences 194021 St. Petersburg, Russia
(Submitted February 27 1997; accepted April 10 1997
Fiz. Tekh. Poluprovodr31, 1310-1313November 199y

The reconstruction of shallow donors in GaAs1Gg\l,As crystals, which is accompanied by

the formation of deep cationiDX centers, is studied for the first time in a cluster

approximation using the self-consistent, scattered-wave method. It is demonstrated that the
formation of aC;, DX~ state could be due to the difference in the electronic structure of a shallow
donor from the structure of a lattice atom. This difference is the reason why an impurity

atom transfers into the nearest tetrahedral interstice. The model proposed for dalionanters

is based on the fundamental possibility of localization of two antibonding electrons on an
antobonding orbital of one of the four tetrahedral bonds of an impurity center with arsenic ligands.
This greatly weakens the bond and results in a corresponding formation of a trig¥nal

state. ©1997 American Institute of Physids$1063-782807)00411-7

1. INTRODUCTION lattice sites into positions of tetrahedral interstitesSuch
amphoteric defects, formed on the basis of shallow donors,

The formation of substitution centers in semiconductorsare so-calledDX centers’ which are metastable impurity
in many cases is accompanied by a reconstruction of both theenters with negative correlation energyegativeU cen-
impurity ion and the surrounding lattice atoms. This is re-terg, which tunnel, in a charge transfer process, in the semi-
flected in a corresponding lowering of the full symmetry of conductor lattice between positions corresponding to differ-
the defect. The possible crystallographic avenues for recorent symmetrie§°-* A direct consequence of their
struction of impurity centers as a result of relaxation of theappearance is self-compensation in the system of shallow
crystal lattice of elementary semiconductors as well as Ill-Vdonors: 21°°-DX™ +d" (where DX~ is the state corre-
and II-VI compounds have been studied in the clustesponding to the reconstructed, negatively char@ggl cen-
approximatiort— The self-consistent scattered-wave methodter, andd® andd™ are the filled and ionized states of the
made it possible to determine the most likely symmetry oftetrahedral shallow donprwhich determines the electrical
the defect and substantiate its metastable properties, whigiroperties induced by Fermi level pinning of both bulk
arise as a result of the distinguishing features of the elecGa,_,Al,As crystal§®® and GaAs—Ga ,Al,As-type
tronic structures of the impurity ion and lattice atom. superlattices®

If the electronic structures of the impurity atom differ In our study we have examined for the first time, the
substantially from that of a lattice atom, then a spontaneougeconstruction of shallow donors, which stimulates lowering
reconstruction of a substitution center is accompanied, as @f the symmetry of an impurity center, from the standpoint
rule, by a lowering of its symmetry from tetrahedral to trigo- of the difference in their electronic structure from that of the
nal (C3,) or orthorhombic C,,).} In the opposite case, regular lattice atoms. This method for studying the problem
when the electronic structure of the impurity center corre-0f the reconstruction of impurity substitution centers does
sponds to the structure of the corresponding fragment of thgot make it possible to determine the energy characteristics
regular crystal, the tetrahedral symmetry of a defect eithepf the deep defects that appear. This is achieved, for ex-
does not change at all or it changes slightly as a result of thample, in calculations of metastable centers by pseudopoten-
Jahn-Teller effect. However, even when the difference irfial and density functional method$:'>** However, the
the electronic structures of the impurity and lattice atoms ignethod employed makes it possible to establish the general
small, as is the case, for example, for shallow donors iffluantum-mechanical foundations of the reconstruction of the
semiconductors, there is a potential for the above-describei@purity centers and directly relate them to the symmetry of
reconstruction of the impurity substitution center to occurthe reconstructed point defects.
under the influence of external perturbations, such as hydro-
static and uniaxial compression of the crystal or isovalent

. - : . 2. CATIONIC DONOR SILICON AND TIN CENTERS IN GaAS
doping, for the purpose of obtaining solid solutions of Il1-V

' ) AND Ga;_,Al,As

and II-VI semiconductors. The reconstruction of shallow
donors, which thus far has been studied within the capabili-  Cationic donor centers form in GaAs in the process of
ties of the pseudopotential and density functional methodsntroducing group-IV impurities. The electronic charge dis-
consists of the formation of deep, negatively char@gg  tribution on the valence orbitals aﬂfBﬁq_ clusters  is the
centers as a result of transition of the impurity ions fromabsolute magnitude of the ion chajgahows that $i, sub-
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TABLE I. Distribution of electronic charge in the valence orbitals of GaAs,

GaAs:Si, and GaAs:As crystalsé\Biq’ clusters. a
Crystal r &(Ry) da gs q
GaAs(GaA§q7) 4al 0.129
1ty 0.303 0.1 55 38
3t, 0.323 6.1 59 32
le 0.364 0.6 46 47
2t, 0.438 13 40 40
2a, 0.716 430 35 22
1t, 1.011 2.4 75 21
la, 1.094 16 56 26
GaAs:Si e 0.122 FIG. 1. Model of aDX center based on a shallow silicon donor in
3a, 0.156 13 20 48 GaAs-Ga_,Al,As (a — neutral state of a shallow donor willy symme-
1ty 0.319 0.2 59 36 try, b — DX~ state withC,, symmetry.
3t, 0.363 4.8 54 35
le 0.389 1.2 49 45
2t, 0.488 19 39 37 _ " ) ) . ) _
2a, 0.795 36 40 19 rating the position of an impurity center in an interstice and
kit, 1.031 3.4 72 23 a tetrahedral interstice be overcome.
la, 1.136 23 48 28 After the above-noted compensation of the weakened
GaAs:As B 0.124 As-Si bond occurs, the negatively charged silicon center
3a, 0.202 13 45 32 . . )
1t, 0.298 0.2 58 37 possesses eight electrons, four of which belong directly to
31, 0349 a1 52 39 the Si atom $2p?), for the formation of bonds with three
le 0.369 1.2 48 45 arsenic ligands. In IlI-V crystals the cation gives up @75
2t, 0.519 30 34 32 per bond and an anion gives up 1e25herefore, approxi-
2a, 0.881 26 54 17 mately two electrons are required in order to fill the valence
1t; 0.015 4.9 0 23 s andp shells of the three arsenic atoms. As a result, the two
1a, 1212 48 28 24 p ! ' ult,

valence electrons of the initial Siff§*") cluster are for-
Nete” — jrreducible representatiom; — single-electron energyia , Js , g mally excess electrons. In this case, two different methods

— fractions of the orbital_ electrpnic charg(%), localized in_side a gre possible for Constructing the chemical bond on the basis
sphere of a central atom, in the ligand atomic spheres and in the inter-

. L n 20—
atomic region, respectively. The fraction of the charge in the outer re—Of a tr'gonal S|A§ cluster.

gion is:q)=1—qga—gg—0; .2~ The 4a, orbital corresponds to the con- Because of the high covalence of silicon-doped GaAs
duction band minimum; thetlorbital corresponds to the valence band crystals, the presence of excess electrons can result in higher
maximum. bond multiplicity in a cluster. This becomes possible if a

silicon atom passes into slp® excited state and if a free

ligand orbital, on which a fourth valence electron of the three
stitution centers do not significantly change the electroni@arsenic atoms could localize, appears. The realization of the
structure of GaAgsee Table)l The main bonding orbitals latter condition signifies an appreciable weakening of the
(a;1,2a4,2t,) undergo only a very small transformation. The bond of the indicated arsenic atoms with their nearest neigh-
largest difference is the appearance of an antibonding dondiors, gallium atoms. A result of this process is that two elec-
state &, occupied by one electron. trons, initially located in the corresponding bonding orbital,

On this basis, the tetrahedral structure of g,®lonor  are transferred into an antibonding orbital of the neighboring

center is very stable in a neutral state as a result of the fagallium atoms. The energy losses due to the excitations listed
that group-1V atoms predominantly tend to form tetracoordi-above are canceled by a gain in energy as a result of an
nated compounds. At the same time, the nonisovalent chaircrease in the multiplicity of the As—Si bonds. In the pro-
acter of the substitutions, which leads to the presence of acess of the above-described reconstruction a silicon atom
unused valence electron, though weakly bound, as well agasses into &p? hybridization state. The interaction of its
the existing probability for a group-IV atom to pass into afourth valence orbital §, type) and the above-mentioned
divalent state, determine the fundamental possibility of reunoccupied orbital of the ligands will form the basis for the
construction of a shallow §j donor. The necessary condi- increase in bond multiplicitfan additionalp bond formg.
tion for this to happen is that an antibonding additional elecAs a result, the As—Si interatomic distance will decrease
tron must be trapped at the donor center. This excess electraubstantially when the silicon atom transfers into an inter-
decreases the binding energy of the center with one of thetice. The above-indicated antibonding orbital, whose forma-
arsenic ligands, thereby allowing a transition of the impuritytion is greatly enhanced by the gallium atoms from the sec-
silicon atom to a stable bond with the three remaining ar-ond coordination sphere of the impurity atom, will be the
senic ligands. Such a large weakening of the As—Si bondhighest filledDX™ state of the negative charged defect stud-
becomes possible only if the impurity atom is displaced intoied.
a tetrahedral interstitial positio(Fig. 1), which lowers the If a silicon atom passes into a divalent state, then the
initial symmetry of the defect t€5, (trigonal) symmetry. It  bonds inside a SiA§§‘ cluster will remain single and the
should be noted that the above-described reconstruction ofiateratomic distance As—Si will not change appreciably. In
shallow donor requires that a potential energy barrier sepahis case, two excess electrons will be localized in an anti-
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bonding orbital which arises on the basis of #{@) orbital

of silicon. This orbital is the last filedX™ state of the
negatively charged impurity center. As a result, the excess
electrons form an unshared pair of the impurity atom under
conditions such that itsp> hybridization is preserved.

In reality, a superposition of the above-described ver-
sions of the reconstruction of a defect probably will be real-
ized. As a result, the muliplicity of the As—Si bonds will
increase appreciably as the corresponding interatomic dis-
tances decrease, and the hybridization state of the impurity
silicon atom will be an intermediate state between sipd
andsp® structures. The orbital of a deep, negatively charged!C: 2. Model of abX center based on a shaliow tin donor in

. . GaAs-Ga_,Al,As (a — DX state withC,, symmetry, b —DX™ state
state of the reconstructddX center will contain an appre- .. Ca, symmetry.
ciable contribution of gallium cations from the second coor-
dination sphere and a relatively diminished contribution from

the atomic functions of the impurity silicon atom. Irrespec-enon, which is induced by the appearancdf centers, is
tive of the reconstruction mechanism, this orbital will also beygst pronounced near the point corresponding to crossing of
influenced by a ligand with a weakened As—Si béRd. 1),  the X valleys, when the ionization energy of tiX~
since the displacement of the impurity atom into an intersticestate is much higher than that of a shallow dotfor.
cannot completely eliminate the corresponding interaction. The foregoing analysis refers primarily to the system

This arsenic ligand will in turn form a trigonalQz,)  silicon-doped GaAs—Ga,Al,As, where a deep X~ state
cluster with three nearest-neighbor gallium atoms. Inside thigsyms directly from a tetrahedral shallow donor. The situa-
cluster the interatomic distances will not change much. Thgjon is somewhat different in the case of the formation of a
orbital of the weakened As—Si bond is largely determined byy x center in tin-doped GaAs and GaAl,As crystalst’~1°
this Clustel’, although it contains a small contribution from Electron Spin resonance studies under conditions of mono-
the atomic functions of the Impurlty atom. The Correspond'chromatic 0ptica| pump"'ild and optica| detection of mag-
ing level is localized in the valence band of the crystal.  netic resonand&'® have shown that the reconstruction of

Reconstruction of a tetrahedral impurity center requiresshallow tin donors proceeds in two steps. First, some shallow
that the occupied level of th€;, DX~ state be quite deep tin donors transform into deep neutral centers w@th sym-
Compared with the initial shallow donor level. OtherWise, thEmetry(F|g 23 Despite their metastabi"ty, these centers dis-
lowering of the symmetry of the defect, accompanied by thesociate as a result of the negative correlation energy:
above-described self-compensation process due to the prespxX° DX~ +DX" [where DX~ and DX' are states of
ence of a negative correlation energyegativeU energy  the DX center that are characterized By, (Fig. 2b and
2d°=d*+DX~, would be energetically unfavorable. lon- D,q Symmetry, respectiveﬁ}'z‘f]. Next, a compensation re-
ization of theDX™ state of the reconstructed center will in gction of nonreconstructed shallow tin donors occurs:
turn be accompanied by a transfer of excess energy to thex*+ SP—DX°+ Sn*, which is accompanied by the
lattice. This will make it possible for an impurity atom to above-described self-compensation reaction in the system of
overcome the potential barrier separating the positions of thehe DX center. In contrast to silicon-doped GaAl As
T4 andC;, statesDX ™ +d*—2d° The presence of a po- crystals, whose irradiation with monochromatic light re-
tential barrier separating the positions of the charged stategealed only the ESR of shallow dondrsthe study of an
of a DX center will also be reflected in the fact that the analogous system containing tin demonstrated in the process
optical ionization energy of & X~ state will be several of optical pumping regeneration of two centers simulta-
times higher than its thermal ionization enefgy. The neousy — a shallow tin donor and a deep tin center with
ionization-dependent decrease of the charge of the unshare},, symmetry*’~1°This behavior of tin centers is due to the
pair in the cluster SiAS~ makes its structure much flatter, larger, compared with other group-IV impurity atoms,
thereby strengthening the weakened As—Si bond, which rezhanges of the electronic structure of GaAs and_GAl,As
sults in a shortening of the corresponding interatomic discrystals in the doping process, the direct consequence of
tance and creates conditions for a subsequent transition e@fhich is the observation of the reconstructed neutral state of
the second electron of the unshared pair into a state of the DX center.
weakly bound electron at a shallow donor. The proposed description d@X centers in GaAs and

It was noted above that the deep level of ¥~ state Ga _,Al,As crystals containing group-IV impurity centers
in GaAs crystals is formed largely by cations from the sec-agrees with the results of the corresponding pseudopotential
ond sphere. This explains the fact that thevalley of the  and density-functiona® Specifically, in Ref. 21 it is noted
conduction band plays a predominant role in its formationthat there is a large similarity in the change in the bond
The position of this level is fixed relative to thevalley by  character accompanying the formation DX centers in
a corresponding change in the structure of the conductioaAs:Si and accompanying a phase transition of diamond
band in the process of hydrostatic compression of the crystahto graphite. It is expressed as a change in the state of the
and variation of the composition of the solid solutions hybridization of the carbon atom fromp® to sp?. In con-
Ga, _,Al,As For this reason, the self-compensation phenomtrast to the data of Refs. 6 and 7, we took into account the
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Optical properties of thin  n-Pb,_,Sn,Se/BaF, epitaxial layers in the plasmon—phonon
interaction region
A. A. Kopylov, V. A. Moshnikov, and A. N. Kholodilov

St. Petersburg State Electrical Engineering University, 197376 St. Petersburg, Russia
(Submitted September 20, 1995; accepted for publication April 24,)1997
Fiz. Tekh. Poluprovodr3l, 1314—132QNovember 199y

The optical reflection and transmission spectra of submicron epitaxjal,Bh Se/Bak layers

with x=0.04-0.21 have been investigated. The parameters of the electron plasma are
determined by modeling the shape of the spectra. The interband contribution to the dielectric
function of PR_,SnSe is estimated. €1997 American Institute of Physics.
[S1063-782607)00711-4

The band structure and the optical and electrical propersurface treatment of the samples was performed. Repeated
ties of the lead chalcogenides PbTe, PbSe, and PbS as wetlieasurements performed every few months showed that the
as the solid solutions Rb,Sn,Te, which are widely used in shape of the reflection spectra was stable.

practice, have now been well studi&d. The properties of The transmission spectra in the range 500—2700'cm
solid solutions in the system Ph.SnSe have been given were measured on a LAFS-02 rapid-scan Fourier spectrom-
much less attention. eter at temperatures of 300—520 K using a resistance heater.

In this study we have investigated, the optical reflection
and transmission spectra of micron-thickPb, _,Sn Se ep-
itaxial layers withx=0.04—0.21 on Bajsubstrates by using
the method of infrared-range Fourier spectroscopy.
2. ANALYSIS OF THE SHAPE OF THE REFLECTION
SPECTRA

1. SAMPLES AND MEASUREMENT PROCEDURE . .
Figures 1 and 2 show examples of the reflection spectra

The Ph_,SnSe layers were grown by the hot-wall of the experimental samples at different temperatures. A
method on fresh cleavage faces of BaBbstrates witlf111) ~ characteristic feature of all spectra is the presence of struc-
orientation. Growth was conducted in an URM 3279011 apiure, due to a band of residual rays from Bak the region
paratus. The construction of the evaporation chamber is simit50—350 cm’. The sharp drop in the frequency range
lar to that described in Ref. 4. S-0000 lead, ultrapure tin, an@bove 300 ci is due to plasma oscillations of free charge
analytically pure selenium were employed to synthesize théarriers. An appreciable peak near 40 ¢mdue to trans-
initial charge. Prior to growth, the charge was subjected td/erse optical phonons in the solid solution,P{SnSe, is
homogenizing isothermal annealing at 850-1000 K foralso observed for all samples.

8—10 h under dynamic vacuum conditions. The composition ~ The analysis of the reflection spectra was based on the
of the initial charge varied in the range 0.1-0.2 of the mo-model of an “epitaxial layer on a semiinfinite substrate.” To
lecular fraction of SnSe. The temperatures in the sublimatiodlescribe the dispersion of the refractive index of the solid
and substrate zones were equal to 770 and 500-550 K, réolution we used a dielectric function of the form
spectively. The growth rate of the layers was equal to 5 5
0.7-1.0um/h. 3 80 Swt

The layers grown possess€D0 orientation. The com- 8(w)=ex= w(wtilT) * wi—w’—iwy’
position of the solid solution was measured on a DRON-3M
diffractometer. A tube with a copper anodéu K« radia- wherew is the frequencysg., is the high-frequency permit-
tion) was used. In the operating regime of the tube, the anodtvity, », and r are, respectively, the plasma frequency and
potential was equal to 30—35 mV and 15-35 mA the anodeelaxation time of free charge carriers, afdy, andwr are,
current was equal to, depending on the thickness of the layerespectively, the oscillator strength, the damping parameter,
The uniformity of the composition of the layers was checkedand the frequency of the transverse optical phonon. The os-
by x-ray spectral microanalysis on a Cameca MS-46 mi<cillator strength was determined in the forB=e,—¢,,,
croanalyzer. The basic characteristics of the samples are presheree is the static permittivity.
sented in Table I. The parameters, and 7, which most strongly influence

The measurements of the optical reflection spectra in théhe shape of the model spectrum, were chosen so as to obtain
range 30—650 cm' were performed at temperatures of 10, the best agreement between the computed and experimental
80, and 300 K using a LFS-1000 long-wavelength Fourierspectra. Examples of the computed spectra are shown in
spectrometér The samples were secured on the cold duct ofigs. 1 and 2 by the dashed lines and demonstrate the degree
a nitrogen or helium vacuum cryostat. The measurements aff agreement with experiment. The values obtaineddgr
T~10 K were performed with a R-118 cryostat. No specialand 7 are presented in Table II.

@
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TABLE I|. Characteristics of the experimentaPb, _,Sn Se/Bak samples.

Sample No. Compositionxy Layer thicknessum
1 0.04 0.19

2 0.11 0.15

3 0.21 0.2

4 0.06-0.08 0.38

3. DETERMINATION OF THE PARAMETERS OF FREE
CHARGE CARRIERS

o [1+expy—7
X (1+28y)"dy
are the generalized Fermi integralép=E:/kT and

B=KTI/Eg). Subsituting the expression8) into the expres-
sion (2), we obtain an equation for the Fermi level

0 372 _ 9 hsgongslz‘”lZJ 4
71(771:8)_ 23/2M eZmd(O)lIZ(kT)3/2(2K+l) . ( )

We shall now find a relation between the plasma fre-The Fermi level is measured from the conduction band bot-

guency and the Fermi level. It is known that

5 ne?

wp=———, (2
€08 Mgpt

wheren is the charge carrier density, ang,y is the optical

tom. The band gap as a function of the composition and
temperature was calculated from the relation

Eqg(x,T)=125- 1021+ (400+0.256T2) ", (5

where Eg is expressed in meV. The effective mass of the

effective mass. In a two-band Kane model, the charge carrigiensity of states at the conduction band bottom was ex-

density and optical effective maSsan be expressed as

n= m[md(O)kT]S’Z OLSIZ and

3K 0 32
Mop= K12 my(0), ©)
oP 2K +1 0 372 d

pressed in terms of the interband interaction paranfetas

h? E, h
md(o):?av P:m—0|pc:}|, (6)

wherep,, is the matrix element of the momentum operator.

Following Ref. 7, we use the valye=3.7x 10° eV-cm, and

whereM is the number of equivalent extrema in the bandalsoK=2 for x=0.04—-0.11 an&K=1 for x=0.21.

(M=4), K is the anisotropy factomy(0) is the effective

mass of the density of states at the band bottper ellip-
soid), and

1.0r

A method for calculating the parameters of the electron
plasma is discussed in the Appendix. The computational re-
sults forEy, Eg, n, andm,, are presented in Table II.

FIG. 1. Optical reflection spectra of
n-Pb,_,SnSe/Bak samples al =300 K. Solid line—
experiment, dashed line—calculation. The numbers on
the curves correspond to the numbers of the samples in
Tables | and Il. The arrows mark the wave numbers
corresponding to the plasma frequen&x—reflection

coefficient, »—wave number.
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4. CALCULATION OF THE INTERBAND CONTRIBUTION E E2 172
o . Ec,(k)=——2=|—2+Kk2P?
In the random-phase approximation, the expression for ' 2 4

the interband contribution for one valley to the imaginary
part of the permittivity can be written &s

we’h? Ipey|? are the distribution function and dispersion relation for the

Agipel @) = Py, EK [E.(K)—E,(K)| o fiw—Eq(k) conduction and valence bands. o _
Switching from summation to integration in the spheri-
+E,(K)](f,—fo), (7)  cal approximation, making the assumption that the contribu-
where tion of the four valleys at the pointg to the permittivity is
. additive, and substituting the second expressiori6in we
- Eco(k)—Ef obtain the following relation for the imaginary part of the
co=|1+exp———| , e
: kT permittivity:

TABLE II. Parameters of plasma oscillations and the characteristics of the band structure and the electronic plasma for epitaxial-Bperg@ri Se/Bak
structures.

Sample No. T, K wpl2mc, cm ! 1/27cr, cmt Eg, meV Er, meV n, 10 cm™3 Mopt
my
1 300 390 250 237 29 4.7 0.107
80 420 111 129 68 4.4 0.072
10 460 154 105 83 5.2 0.072
2 300 390 208 166 40 4.2 0.091
80 330 154 58 64 1.9 0.051
3 300 490 143 64 95 7.2 0.089
80 465 91 —44 107 5.7 0.073
10 480 167 —69 103 6.3 0.077
4 300 330 213 207 20 3.0 0.097
80 350 167 99 59 2.5 0.059

Note. The following initial data were used in modeling the IR reflection spectra: ,Bak=184 cn! (T=300 K), w;=189 cmi'! (T=80 K),
0r=190 cn! (T=10 K), £,=1.8, £,,=5.75; PR_,SnSe: £,(x)=(4.9+2.8)(T=300 K), £.,,(x)=(5.5+0.8) (T=10.80 K)?3 £,=210 (T=300 K),
£,=231 (T=10.80 K)? wr=44 cm . The composition for sample No. 4 is=0.07.
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FIG. 3. Computed optical reflection spectra of the
061 structuren-Pb, _,SnSe/Bak (R—reflection co-
efficieny. The parameters of the model corre-
= spond to sample No. 3T=80 K. Solid line—
calculation allowing for the interband
contribution, dashed line—neglecting the inter-
0.4) band contribution. The arrow marks the wave
number v corresponding to the energy
|Egl+2E¢ .
0.2F
ke . 3 L L 'l
0 500 1000 1500 2000 2500 J000
v, cm~?
Eq 2 To calculate the real part of the permittivity we employ
Agiel@)=A\/1—|— 1 the approximation of the Kramers—Kronig relation
hw

hwl2+ EF+E9/2 o ’ 2 Emax ' ”
+exp KT Aginel )= — ng 278l w)do, 9

1+exp

hwl2—Ep—Eg/2) ~* _ _ _ .
T) , (8) where the integral is taken in thg prmmpal—value sense.

If E>(%iw,Eg,Eg), then varyingE . in the experimen-
where A=e?(27e,P)=7.8. The Fermi level is measured tal frequency range will only change the constant component
from the conduction band bottom. of the real part of the permittivity. This constant component

FIG. 4. Optical transmission spectra of
n-Pb, _,SnSe/Babk. Experiment(sample No. %
Solid line—T=300 K, dashed line-+=470 K.
Dot-dashed line—calculation neglecting absorp-
tion in the layer;T*—transmission coefficient.

[ 1
500 1000 1400 7800 2200 2600
¥,cem1
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:43 FIG. 5. Optical absorption af-Pb, _,Sn Se/Bak
§ in the region of interband transitions. Solid line—
experiment (sample No. #% dashed line—
- calculation. The numbers on the curves corre-
b spond to the temperatufe K: 1—410,2—470,
- 3-520. The curves represent the difference in the

optical densities for the indicated temperature and
T=300 K.
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can be eliminated by writing the contribution of the inter- wave number, and is the refractive index of the absorbing
band transitions to the real part of the permittivity as themedium. For convenience, we shall study not the absorption
differenceA e (@) — Aei(0) and assuming that the con- itself but rather its variation with temperature. Figure 5
stant component is now taken into account in the phenomshows sections of such difference spectra calculated taking
enological parameters, ande;. into account the interference. The curves obtained using Eq.
The computed values & (w) andAej(w) were  (8) are shown by dashed lines. The valueskEgfand Er
taken into account additively in the expressidn Figure 3 employed in the calculation are given in Table Ill. Agree-
shows the spectral dependences of the reflection coefficiembent between the experimental and computed optical densi-
calculated with and without the interband contribution. Weties was obtained with=5.2 (instead ofA=7.8). We note
see that the interband contribution makes an appreciable dithat the values ok presented in Table Il correspond to a
ference only above 1000 crth This makes it possible to temperature Coeff|C|ent of the variation of the band gap equal
determine quite reliably the characteristics of the plasma neto 2.6x 10 * eV/K (Ref. 9 and compositiornx~0.06.
glecting the interband contribution. In summary, the behavior of the transmission spectra in
the range 1000—1800 crhcan be attributed to the tempera-
ture variation of the band gap of the solid solution.

5. ANALYSIS OF THE TRANSMISSION SPECTRA

Examples of the transmission spectra of sample No.
which were obtained at different temperatures, are shown |ﬁ APPENDIX
Fig. 4. The dropoff of transmission at frequencies below  Equation(4) for the Fermi level can be solved only nu-
1000 cm* is due to absorption by free charge carriers andmerically. The results of such a calculation are presented in
single-phonon absorption in the substrate. This absorptiogig. 6 in the form of curves of the plasma frequency versus
increases with temperature. The reverse picture is observege position of the Fermi level. As follows from the form of
at frequencies above 1800 ¢y where absorption can be the curves, these functions can be approximated by a com-
due to characteristic interband transitions. This can be e)(para“ve|y S|mp|e expressmn, which can be convenient for
plained qualitatively by an increase in the band gap with
temperature. The section of the spectrum 1000— 1800 cm
is virtually temperature-independent, indicating that absorpTABLE Iil. Characteristics of the band structure and electronic plasma for
tion is weak, and the shape of this section can be explaineghmple No. 4 at different temperatures.
by interference in the epitaxial layer. The corresponding esT

timate made for refractive index,=5.1 and epitaxial layer By, eV Ee, meV

thickness 0.38m is shown in Fig. 4dashed ling 300 221 20
The characteristic absorption can be estimated directi{10 250 0

from Eq. (8), allowing for the fact that the absorption coef- go g?g :;3

ficient is a(w)=27re"(w)/n,, Where v=w/27c is the
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In v,=5.636-1.79%—0.0148% - — 4.26x 10 °EZ,
(10

Where;p=wp/2wc is expressed in cit, andEg in meV.
The error in determiningy, from Eg. (10) does not exceed
0.5%.

Lyu. I. Ravich, B. A. Efimova, and . A. Smirnowlethods of Investigation

N . \ N 3 . " PbS[in Russian, Nauka, Moscow, 1968.
-0 -40 -20 0 20 4 60 80 2l. M. Nesmelova,Optical Properties of Narrow-Gap Semiconductors
F 2 MV [in Russian, Nauka, Novosibirsk, 1968.

3H. Preier, Appl. Phys20, 189(1979.
FIG. 6. Relation between the conduction electron Fermi energy and the*A. V. Makhin and D. A. Yas’kov, lzv. LHI, No. 414, 97(1989.
plasma frequency for Rb,SnSe/Bak at T=300 K. The numbers on the 5V. A, Vasil'ev, P. E. Dyshlovenko, A. A. Kopylov, and A. N. Kholodilov,
curves correspond to the values xf 1—0, 2—0.04, 3—0.08, 4—0.12. Prib. Tekh. Ksp.5, 174(1990.
Dots—numerical solution of Eq(4); lines—calculations according to Eq.  ®A. G. Belov and E. P. Rashevskaya, Vestn. MGU, Ser. 3, BzNo. 2,
(10). The parameter values employed for the calculations are discussed in10 (1978.
the text. "Yu. V. Kucherenko, Yu. A. Mityagin, L. K. Vodop'yanov, and A. P.
Shotov, Fiz. Tekh. Poluprovodil, 488 (1977 [ Sov. Phys. Semicond.
11, 283(1977)].
8M. Grynberg, R. Le Toullec, and M. Balkanski, Phys. Rev.9B517
(1974.
9T. S. Gertovich, S. I. Grineva, V. G. Gutsulyak, V. B. Orletskk. D.
Tovstyuk, and S. A. Khramtsova, Ukr. Fiz. ZB5, 1369(1980.

e _
80

practical calculations. In particular, at room temperature
(T=300 K) and for compositions in the range=0—0.12
we can use the following expression: Translated by M. E. Alferieff
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Position of antimony impurity atoms in a PbTe lattice, determined by emission
Mossbauer spectroscopy

V. F. Masterov, F. S. Nasredinov, S. A. Nemov, P. P. Seregin, N. N. Troitskaya,
and S. I. Bondarevskil

St. Petersburg State University, 195251 St. Petersburg, Russia
(Submitted May 12, 1997; accepted for publication May 15, 1997
Fiz. Tekh. Poluprovodr3l, 1321-1322November 199y

It is shown by emission Nesbauer spectroscopy 6tSb('*"Sn) that the localization of
antimony impurity atoms in a PbTe lattice depends on the conductivity type of the material:
Antimony is localized prodominantly in the anionic sublattice in electronic samples and

in the cationic sublattice in hole samples. It is noted that the charge state of an antistructural
defect''®"Sn formed in the anionic sublattice of PbTe aft&iSb undergoes nuclear decay does
not depend on the position of the Fermi level. 1897 American Institute of Physics.
[S1063-78287)00911-3

Interest in the investigation of the nature of impurity electronic type(with excess leadn~ 10 cm™3) and hole
states formed in lead chalcogenides by group-lll and -IVtype (with exces telluriump~10'8 cm™3).
atoms has increased substantially in recent years. This is ex- The Massbauer spectra dt°Sb(**"Sn) were measured
plained mainly by the resonance scattering of current carriergith a commercial SM-2201 spectrometeiTat 80 K with a
by impurities observed in these systems and the discoveryCaSnQ@ absorber(surface density with respect to tin was
of dielectronic centers with negative correlation energy in5 mg/cmi?). The spectrum with such an absorber and a
these materialéHowever, virtually no studies are available Cat'®"SnQ, source consisted of a single line with FWHH
on the group-V impurities in these compounds. It is knownI’=0.79+0.01 mm/s, which was assumed to be the instru-
only that As, Sb, and Bi impurities are donors in lead chal-mental width of the spectral line. The typical spectra of the
cogenides, although the fraction of electrically active atom&®bTe°Sh samples are presented in Figs. 1b and 1c, and the
is much less than unityThere are two explanations for this: results of an analysis of the spectra are summarized in
Either an appreciable number of the impurity atoms form inTable I.
the lattice electrically inactive complexe®f the type The spectra of the- and p-type samples consist of a
Sb,Tey) or the impurity is distributed between the cationic superposition qf two lines, whose relgtive inter)sity depends
sublattice (where it is a dondrand the anionic sublattice O the conductivity type of the material. The widths of both
(where it is most likely an acceptorA choice between al- lines are much larger than the instrumental width, indicating

ternative models can be made if the position of the antimonylistortion of the cubic symmetry of the local environment of

19 e di ;
atoms in the lead chalcogenide lattices is determined. In Ol}{:e daughter*“"Sn atoms. This distortion could be due to

study we made such a determination for antimony impurityt e difference in the sizes of the replaced and substituent

atoms in lead telluride PbTe by emission’ $ébauer spec- atoms.

troscopy on the isotop&°Sb(1%"Sn). The arrangement of an dcavnee d(()afsithr?;ee IilthftthF:erid(;r:tlrr:;:ﬁ;slr:r;tiys%?nzzrii?zlhei?t
the Massbauer level of'®Sn, obtained using the parent g P

. . . - ) characteristic of intermetallic tin compounds and it should be

11 - . - . . .
|sotq||fJe 9Sb(he;|ftrl]|fe d38 h)r;tgﬂgnhsowntm F'gd 1a.t Slnlcetthe attributed to'**"SrP centers in the anionic PbTe sublattice
recol er!elr?y of the daugr n atoms due 1o electron - o nearest-neighbor environment of these centers contains
capture in*°Sb and emission of a neutrino does not excee

. ead atoms and the interaction of tin with the lead atoms
1.4 eV/it can be expected that nuclear decay does not resulbg ts in an isomeric shift typical of metallic tin alloyst is

in a displacement of the tin atoms from the normal sites iny\ious that thé'®SrP atoms are formed froritSb atoms
the crystal lattice. Therefore, the parameters of the emissiogccupying the anionic sublattice of PbTe.

Mossbauer spectra d‘FQSE)éTl]m“Sn) should reflect the va- The second lindit predominates ip-type samples and
lence(charge state of the"'¥"Sn atoms localized at the sites e designate it as the spectrun) jossesses an isomeric
occupied by antimony atoms. shift characteristic of divalent tin compounds and it should

The radioactive isotope'“Sb was obtained by the reac- pe attributed''"Sr#* centers in the cationic sublattice of
tion *2°Sn(p,2n)"°Sh. To separate a carrier-free preparationppTe (the nearest-neighbor environment of these centers
of 1%b, the target was dissolved in concentrated hydrochlocontains tellurium atoms and the interaction of tin with the
ric acid, SbC} was extracted with isopropylene alcohol, andtellurium atoms leads to an isomeric shift close to that of the
the preparation was purified by anionic exchange. ThesMo 1195n spectrum of the compound ShTE is obvious that the
bauer sources were prepared by melting together the PbTéM™S?* atoms form from!%Sh atoms located in the cat-
samples and the carrier-free preparafibisbCk, so that the ionic sublattice of PbTe.
approximate concentration of the tin impurity atoms did not ~ Thus, the localization of tin impurity atoms in a PbTe
exceed 18 cm™3. The initial PbTe samples were of the lattice depends on the character of the deviation of the com-
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TABLE |. Parameters of the emission Tesbauer spectra 3t°Sb(*1%"Sn)

T ﬁig;‘““‘] in PbTe at 80 K.
T
110m ’ ivi
9.8 Sn EC, 100% Conductivity ~ Spectrum
. type type Center mm/sec  mm/sec S, %
0 keV a n | Langp 2.31 1.30 0.79
"% sn I Lang P+ 3.41 1.32 0.21
p I g 2.33 1.32 0.05
O 4 I Hang gt 3.43 1.31 0.95
- '-. oo ”° o "‘ . Errors +0.01 +0.02 *+0.02
N ’ Note. |.S.—isomeric shifts with respect to CaSgQ'—width of the spec-
" : b trum at half-heightS—area under the spectrum.
&

It should be noted that &°"Sn center in the anionic
sublattice of PbTeit corresponds to a type-l spectriicon-
sists of an antistructural defect and, as follows from the fact
that the isomeric shift of the spectrum | is independent of the
conductivity type in the material, the charge state of the an-
tistructural defect does not depend on the position of the
Fermi level. A9Sn center in the cationic sublattice of
PbTe (it corresponds to a type-Il spectriins an isovalent

Relative count rate

Sn A Ts" substitution impurity. According to Ref. 5, such an impurity
* L - L A is electrically inactive, as is confirmed by the independence,
0 2 4 ] which we discovered, of the isomeric shift of the type-II

spectrum from the conductivity type in the material.

FIG. 1. a—Decay scheme dt%b; b, c—2%Sb('*"Sn) emission Mes- . .
bauer spectra at 80 K gi-PbTe(b) andn-PbTe(c) samples. The decom- This work was Squorted by the Russian Fund for Fun-

position of the experimental spectra into components corresponding tflamental ReseardiGGrant 96-02-1695%a
Mg and 1St is shown.

" L . " 1v. 1. Kaidanov, S. A. Nemov, and Yu. I. Ravich, Fiz. Tekh. Poluprovodn.
position from the stoichiometric composition: In samples g 201(1992 [ Sov. Phys. Semicon@6, 113 (1992].

with excess lead tin is localized predominantly in the anionic2v. F. Masterov, F. S. Nasredinov, S. A. Nemov, and P. P. Seregin, Fiz.
sublattice and in samples with excess tellurium it is Iocalizeda\T(ekT-F':O"_JphfoéOdAn?;Elf_ 197(1992 I[ iegwpndﬁt%@i 12? (1995)]- .

H H H . u. . Ravich, b. A. Imova, and |. A. smirnowlethoads of Investigation
prEdomlnantly th_e cationic Suplat“(ﬁand, plays Fhe role of a of Semiconductors in Application to Lead ChalcogenifiesRussiar,
donoy. The fraction of electrically active antimony atoms Nauka, Moscow, 1968.
depends on the antimony distribution between the sublat-;‘F. Ambe and S. Ambe, J. Chem. Phys, 2463(1981. o
tices, but it is a|WayS less than(ﬂhis follows from the fact V. F. Masterov, F. S. Nasredinov, S. A.. Nemov, and P. P. Seregin, Fiz.
that even in hole samples a significant fraction of the anti- "ok Poluprovodn30, 840(1996 [ SemiconductorS0, 450 (1996].
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Extraction of charge carriers in semiconductors with a monopolar component of the
photoconductivity

A. I. Vlasenko,® Z. K. Vlasenko, and A. V. Lyubchenko

Institute of Semiconductor Physics, Ukrainian National Academy of Sciences, 252650 Kiev, Ukraine
(Submitted August 13 1996; accepted March 5 1997
Fiz. Tekh. Poluprovodn31, 1323-1326November 199y

Extraction of minority charge carriers in semiconductors with a monopolar component of the
photoconductivity has been investigated theoretically and experimentally for the example

of CdHg, _,Te (x=0.2) at different temperatures. @997 American Institute of Physics.
[S1063-78267)01011-9

INTRODUCTION mechanismmechanism B predominate§-8 In “classical”
wide-gap semiconductor§CdS, CdSg the PC is highly
monopolar since the ratio of the lifetimes reaches
7'n/7'p—104 10° (Ref. 9.

In an arbitrary case the specific photoconductivityo()
dand photocurrentj(,) in a uniform semiconductor

The amount by which the sensitivity of the semiconduc-
tor photoresistive radiation detectors can be increased by in
creasing the bias voltage is in principle limited by the extrac-
tion of minority nonequilibrium charge carrier@NCs)
from the volume of the semiconductor as the electric fiel
intensity E increases above a certain valde= E*. This ef- Ao=e(upAn+ upAp)~e(punmy+ p1p7p)G,
fect has been studied theoretically and experimentally mainly | @)
in connection with the development of threshold infrared ~ Ipc=€ACE

(IR) radiation detectors. Specifically, in Refs. 1-3 the operain the case of the uniform excitation mechanigwith rate
tion of photodetectors based on ,Ed);,_,Te (CMT)  G) will consist of two components — monopolaro,, and
(x=~0.2) is analyzed in the extraction regime, and the correbipo|arAgb, the latter depending o,

sponding expressions are obtained for the photoresponse sig- _
nal, the detection power, and other characteristics. In Refs. 4 Ao=Aoyt+Aoy(E)=eunAn[(1-¢)+e(1+bh],

and 5, the electric field dependences of the photoconductivity 2

(PO in n-, p-, and mixed-type CMT were investigated. At whereb=u,/u,, andu, andu, are the electron and hole
the same time, it should be noted that the extraction omobilities. Here we have introduced a parameter that deter-
MNCs has been analyzed theoretically only for the case of aines the degree of bipolarity of the PC:

bipolar PC, when the density of nonequilibrium electrons Ap
and holes and their lifetimes are equaln=Ap, 7,=7p). o=
In the opposite caser(# 7,), the conductivity component

which does not depend on the field and which is proportionaln Eq. (3) it is assumed that »<7,. In the opposite case,
to the density differenceAn—Ap|, where the lower quan- =Ty, the parametep= Tn/Tp<1

tity determines the density of the nonequilibrium pairs ex-  |n the case of the type A mechanisms the PC is bipolar
tracted from the volume, should be taken into account. Wexnd ¢=1. In the extraction region, all MNCs are extracted

will analyze the extraction of MNCs in semiconductors with from the volume. As a resuly o drops off with increasinde
allowance for the monopolar component of the photoconducand the photocurreritl) saturates.

ooy, 3
An Th

tivity. In the case where several recombination channels —
types A aml B — participate(competg, 7,# 7, and ¢=1.

1. CURRENT-VOLTAGE CHARACTERISTICS The quantitye (3) can be calculated using the probability for

(PHOTOCOMPONENT) trapping of MNCs in recombination levelsA(, ,A;,) and
interband annihilation of the carrieré\(,):

The ratio ofr, and 7, is determined by the recombina-

tion mechanism realized in the crystal: interbdtype A) or An=UUr,=An+Anp, Ap=lUrp=A,+A,, (4)
impurity (type B). In the first case, the PC is bipolar The parameter (3) is
(7h=17p). It can be realized in semiconductors with a low P 2
density of recombination levels, when the number of MNCs A o +r

. _ P n__ p n np
bound on them can be ignored. In the second case, where ¢=—"=--=—"— ,
these densities cannot be disregarded, the PC is generally : P TN Tyt Tnp (5)
monopolar ¢,# 7p). In narrow-gap semiconductors which 1 1 1
are not strongly compensated (€, _,Te, InS, PRSn, _,, =% Tp=% " Tnp=% -

Arn P Arp Anp

Te, and othensat high temperatures, when intrinsic conduc-
tivity is realized, interband recombination mechanisms preThe equationg5) allow for the fact that the trapping prob-
dominate(mechanism A In materials with a high degree of abilities are inversely proportional to the corresponding elec-
compensation, at low temperatures the Shockley—Reatlonic and hole times),7;). It is easy to see that in the
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absence of a monomolecular impurity recombination channel

(A, Ap<Anp; 75, 73>7) @=1; otherwise, A,

<A, Arpi Th, Ta<Thp) @=Ty/7p=<1, and its value is de- 0°
termined by the statistics of Shockley—Read
recombinationt’® Making admissable simplifications for a

n-type semiconductor, in which the recombination levels
(acceptor typelie near the center of the band gap, we can

write ¢ as follows:

a(ng+Ng)+N,, _
o= ( 0 cr) r $1, (6) - 105_
a(ng+Nc ) +N, +N; A

whereng is the equilibrium electron densityy, is the den-
sity of recombinatiorr levels of defectsa=c,/c, (c, and
c,, are electron and hole trapping coefficients, respectively
andN.,, N,, are the free-carrier densities in the bands due to 'Y T i
thermal ionization of the levels. 4 3 2 1

When the density of levels is low,p=1 at arbitrary /SRR S S T SO S WA N
temperatures, as noted earlier all MNCs are extracted from & 8 M B
the volume in pairs. 70°/7, K

For largeN, the degree of bipolarity depends on the

FIG. 1. Temperature dependencesrdbr CMT samples 1 and Zurvesl

temperature. At low temperaturéthe traps are completel
. P . N emp . éEh ps . pietely and2). Dot-dashed curve — calculation efT) for Auger recombination in
filled with electron$ the quantitiesN., andN,, in Eq. (6) a material with intrinsic conductivity.

can be disregarded

an,
T angtN,

¢

c,N.\71 ¢c,n

P ) ~ 101, 7) _ ¢l

CnNo CpN, Jpc™ (1—¢)+W E,
a

wherer, is the lifetime of the PC with a low bias voltage,

;§ the ambipolar mobility, andl is the distance between the
contacts. Analysis of these expressions shows that the effi-
@ency of extraction of MNCs from the volume in the region
of large E depends strongly on the parameterand even
decreases rapidly for large values@f(<0.9).

If ng is large(at leastang>N,), ¢=1 and the PC is bipolar.
For any comparable td\,¢<<1, only some nonequilibrium
electrons, whose number is equal to the pair density dete
mined by the quantitAp=7,G, are extracted.

Heating increases the thermal transfer between the leve
and bands N.,, N,, becomes comparable td,), and the
MNC lifetimes 7, and 7, increase and become equal to one
another. There appears a thermal recombination ergrgy
which is characteristic of Shockley—Read recombination ang- EXTRACTION OF MINORITY NONEQUILIBRIUM CHARGE
which is determined by the depth of thdevels CARRIERS AT DIFFERENT TEMPERATURES

®) As an example, let us examine a narrow-gap semicon-

= T~ X~ B, [kT). ductor CMT withx=0.2 (band gafE,=0.1 eV at 77 K and
As follows from Eq.(6), ¢ increases and approaches 1 atestimate the degree of bipolarity in different temperature
high temperatures. ranges. It is knowrisee, for example, Ref. Bthat the inter-
The field-independent monopolar part of the B is  band collisional mechanisrtype A) dominates in the re-
actually determined by the difference in the lifetimes of thecombination in highly sensitiva-type CMT crystals in the
MNCs, taking into account Ed7) for E<E*, region of intrinsic and extrinic conductivitiat T>77 K). At
the same time, in strongly compensated crystals, the lifetime
(9) of MNCs in the region of extrinsic conductivity is limited by
the Shockley—Read recombination mechanism.
For E<E*, the monopolar part of the densityn,,<An Figure 1 shows the temperature dependences of the re-
corresponds to a constant generation &atef MNCs, and  laxation time of PC for twan-type CMT crystals in which
the effective electron lifetime is determined from the expres-different recombination mechanisms dominptewas mea-

r
AO’m:e/.LnG(Tn_ Tp):e,LLnAnm.

sion sured by the PC relaxation method under illumination with
An Co; laser pulsesX=10.6 um)]. Although 7(T) for crystal

= —< . (10) No. 1 is described well by a calculation for the interband

G collisional recombination in the regions of intrinsic and ex-

The electric field dependences of the relaxation times offinsic (no=3X 10" cm™3) conductivity (solid curve. In
the PC and the photocurrent, taking into account the degrelis caser,= 7, and the PC is bipolar in the entire tempera-

of bipolarity, can be obtained by simple manipulations: ture range 77-300 K. This confirms the character of the
electric-field dependences of the photosigbaland  pre-
=1 (1— @)+ ¢l , sented in Fig. 2 for this crystal. Saturation Of and the

|+ patopE decrease of in high fields at temperatures from the extrinsic

11
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FIG. 2. Electric-field dependences 0f, (filled points and = (open point
for sample 1 for the temperaturds, T,, T3, andT, indicated in Fig. 1;

solid lines — calculation. dences ofr andU., (Fig. 1, curve2; Fig. 3) provides experi-

mental confirmation for this expectation. Indeed, at low tem-
peratures <T., when the intensity of heat transfer between
the levels and bands can be ignoreds N, ,N,,), the PC
relaxation time does not depend on the temperafkig 1,
section a on curv@), ¢<1 and is determined by the expres-
sion (7). The photoconductivity has two components — mo-

. . X %opolar and bipolar, and at 77 K saturation of the electric-
No. 2 (Fig. 1). Here, just as in sample No. 1, for>120 K field dependence of ,., which is associated with the

the type-A mechanism dominates in recombination in theextraction of MNCs from the volume, is not observéig.

intrinsic conductivity region. For the temperature range of3 T,). It should be noted that can be determined from the
extrinsic conductivity, the curve(T) can be described by '

SN curve 7(10%/T) (Fig. 1, section b with T*<T, from the
the Shqckley—Reaq recomblnano'n theory — the type'Bratio of the values of- extrapolated to the point $0r* and
mechanism. Analysis of the published data suggests that

LT 7 on the section a. For crystal No. 2 it amounts=t@.5 at
Shockley—Read recombination in compensated crystals Prosx _ 77

ceeds via acceptor-type centers— doubly charged mer- '
cury vacanciesVy; **? Their density in photosensitivity
crystals does not exceed,<10'®> cm™3.”® The parameters
obtained for ther levels from the curvesr(10%/T) for
sample No. 2E,=50 meV andc,=3%x10° cn’/s are in
good agreement with the published dgEg=45—-50 meV,
c,=(1-3)x10"° cm’s].”® The valueN,,=4x 10" cm 3

is comparable to the density, N.,<<N,,. The variance of
the published values af, reaches several orders of magni-
tude. However, from considerations of the charge pfcan-
ter (holes are trapped in a Coulomb attractive field
cn<C,, despite the difference in the thermal velocities
of the nonequilibrium electrons and holes. For@Fax:(044-2658342; e-mail: mickle@semicond.kiev.ua

a=10"! ¢=2x10"2 and remains quite low at low tempera-

tures even fora=1. The extraction efficiengy_ghould in- R. L. Williams, Infrared Physg, 337 (1968.

crease with the temperature angl. In low-resistivity Crys- 2y r_jonnson, J. Appl. Phyd3, 3090(1972.

tals (@ny>N,) ¢—1, so that the contribution of the bipolar 3s. P. Emmons and K. L. Ashley, Appl. Phys. L&0, 162 (1972.
Auger component also increases. In crystals with 4V. 1. lvanov-Omski, V. K. Ogorodnikov, and T. Ts. Totieva, Fiz. Tekh.

5 —3 : Poluprovodn.14, 699(1980 [Sov. Phys. Semicond.4, 412 (1980].
No=> 10" cm* andT>100 K complete extraction of MNCs SA. 1. Vlasenko and A. V. Lyubchenko, Fiz. Tekh. Poluprovo@8, 1219

pairs should be expected. o (1994 [Semiconductor8, 695 (19941,
Comparison of the temperature and electric field depen-A. I. Viasenko, Yu. N. Gavrilyuk, A. V. Lyubchenko, and E. A. Sal’kov,

conduction regionT;,T,,T3) indicates the onset of extrac-
tion and a bipolar PC. Obviously, in the intrinsic conductiv-
ity temperature rangeT(,) the field does not control the
MNCs, u,=0, the extraction regime is not realized, ddd
does not saturate.

As T>T, increasedFig. 1, section b on curv@), the
contribution of the monopolar component to the PC de-
creasesgp— 1, the electric-field dependence of the PC satu-
rates(Fig. 3, T,,T3), and the MNCs are extracted from the
volume. In the region of intrinsic conductivity, the
Shockley—Read recombination channel is replaced by the in-
terband channdig. 1, section c on curv@), but extraction
of MNCs does not occurg,=0), and the electric-field de-
pendencesg,. do not saturatéoy analogy with the curves for
T, in Fig. 2.
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Photoluminescence of n-type ZnSe crystals doped with donor and acceptor impurities
from a LiCl salt melt

G. N. lvanova, V. A. Kasiyan, and D. D. Nedeoglo

Moldavian State University, 2009 Kishinev, Moldavia
(Submitted February 7, 1997; accepted for publication March 20,)1997
Fiz. Tekh. Poluprovodr3l, 1327—-1331(November 199y

The photoluminescence spectra and luminescence excitation sdeeg8a of n-type ZnSe

single crystals annealed in LiCl melt is investigated in the temperature range from 82 to 420 K. It
is established that such heat treatment of the crystals greatly decreases the intensity of the
long-wavewlength luminescence bands and intensifies the edge radiation. The excitation spectrum
of the long-wavelength photoluminescence bands contains several maxima near the

fundamental and impurity absorption edges. it is shown that the complicated structure of the
luminescence excitation spectra is due to relocation of a nonequilibrium hole from a shallow
acceptor to a deeper acceptor by an Auger process with the participation of carriers

localized at these centers. €97 American Institute of Physids$$1063-78207)01111-3

The problems of modern optoelectronics require the desion of 14 A/mm in the wavelength range from 440 to 700
velopment of devices that operate in the blue-green region aim.
the spectrum. A promising material for these purposes is zinc
selenide. H_owe\_/er, in addition to edge Ium|_ne_scence, ONG v PERIMENTAL RESULTS
observes wide, intense, long-wavelength emission bands in
the photoluminescencéL) spectrum of undoped-ZnSe. The PL spectrum of an undopedtype ZnSe crystal at
This raises the problem of identifying the luminescence cen82 K, shown in Fig. 1, consists of bands (445 nm and
ters responsible for these bands and searching for dopan® (540 nm of equal intensity. A weak banB (600 nm, in
that can decrease the number of long-wavelength lumineghe form of an inflection, and a clearly expressed b&nd
cence centers and increase the intensity of the hight635 nnm) are observed on the long-wavelength shoulder of
temperature edge luminescence of ZnSe. Since the centerstbe bandC. The bandB has the lowest intensity.
the long-wavelength luminescence in ZnSe are, as a rule, Short anneal6 h) of the initial crystals in a LiCl salt
intrinsic defects Vz,) or impurities such as Cu, Ag, and Au, melt strongly decreases the intensity of Beband(Fig. 1,
which produce deep acceptor centers, the problem of increasurve 2), shifts the maximum of th& band to 640 nm, and
ing the edge radiation intensity can be solved by decreasingingles out more clearly the baridl without changing its
centers of this type in the process of doping of crystals withspectral position. The PL bandsandB do not undergo any
shallow acceptor and donor impurities. changes.
A longer annea{100 h of the crystals strongly increases
the intensity of the edge-radiation baml and shifts the
1. DOPING OF SAMPLES AND EXPERIMENTAL CONDITIONS ~ Maximum of this band to 456 niirig. 1, curve3). This band
becomes dominant in the PL spectrum. Its intensity is twice
We used low-temperatur@50 °Q annealing ofn-type  that of the shortest wavelength baid against the back-
ZnSe crystals in a melt of LiCl salt as a method of dopingground of the vanishingly low intensities of longer wave-
such crystals simultaneously with shallow donordfzland  length PL bands. The maximum of tHe band shifts to
acceptor (Lj,)-type impurities. Annealing was conducted in 649 nm.
evacuated cells for 6 to 100 h. When annealing was com- Thus, the intensity of the long-wavelength radiation can
pleted, the cells were rapidly cooled to room temperature. Ibe substantially decreased and the edge radiation can be in-
is knowr! that a melt of LiCl salt is a typical ionic liquid tensified by prolonged annealing miZnSe crystals in a LiCl
(Li* and CI') with a very high electrical conductivity salt melt.
(6.308 0 t.cm™ ). It should be expected that during an- The excitation spectra of the long-wavelength PL bands
nealing ofn-ZnSe crystals in a LiCl salt melt the lithium and of an undoped-type ZnSe crystal at 82 K are presented in
chlorine ions diffuse into the crystal and occupy sites in theFig. 2 (curves1-3). A characteristic feature of these spectra
zinc and selenium sublattices, producing, respectively, donds the presence of several excitation bands near the funda-
(Clgo and acceptor (L, centers. mental absorption edge. For example, the LES of the t@and
The PL spectra of the initial and doped crystals werein the nonannealed crystal consists of three bands with
investigated in the temperature interval from 82 to 420 K.maxima at 420, 445, and 470 nm. The LES of the bénd
The PL was excited by 337 nm radiation from a LGI-21 possesses approximately the same structure, and only two
laser. Luminescence excitation spectt&S) were also in- bands with maxima at 420 and 450 nm are present in the
vestigated at 82 K. The PL spectra and LES were investiLES of the bandC. Bands due to excitation of impurity
gated using a MDR-23 monochromator with a linear disperdevels dominate in the LES of the bafdof doped crystals
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FIG. 1. Photoluminescence spectra of nonanneaigge ZnSe crystal§l)
andn-type ZnSe crystals annealed in melt of a LiCl s@t 3). T=82 K.

440 480 500 600 700

Annealing time, h2 — 6, 3 — 100.

ZnSe:LiCl. Thus, an impurity maximum is observed at
470 nm in the LES of the band of crystals annealed for 6
h (Fig. 2, curved). Annealing for 100 h results in an even
larger shift of the LES of the ban& into the region of
impurity excitation and the appearance of two new band

I,,arb.units

FIG. 2. PL excitation spectra of nonannealednSe crystalg1-3) and
n-ZnSe crystals annealed in a melt of LiCl salt for §4) and 100 h(5).
T=82 K. LES curvesi, 4,5 — E band,2 — D band,3 — C band.

1145

1 i

L
440
Ay ,nm

1
380

Semiconductors 31 (11), November 1997

L
500 560

I, ,arb.units

VB\/
J| S T S Y U T Y Y VU R W DA S B TR
440 480 500 600 700

,nm

FIG. 3. Temperature evolution of the PL spectraneZnSe crystals an-
nealed in LiCl salt for 6 hT, K: 1 — 84,2 — 133,3 — 185,4 — 264,
5 — 350.

with maxima at 490 and 510 nm, which have the highest
intensities(Fig. 2, curveb). In the doped crystals, light from
éhe fundamental absorption region excites luminescence very
weakly.

The large width of the LES, the presence of several
maxima, and the change in the energy position of the
maxima from sample to sample are consequences of the non-
elementary nature of the long-wavelength PL bahds.

Investigations of the temperature evolution of the PL
spectra(Figs. 3 and # showed that the intensities of the
bandsA, B, C, andE decrease with increasing temperature.
The temperature dependence of the bBnid somewhat un-
usual. At 84 K it is only an inflection on the short-
wavelength shoulder of the baiij whereas at 93 K this PL
band separates into a peak whose intensity is comparable to
that of the band at 174 K and becomes dominant in the PL
spectrum at 192 K. As the temperature is raised to 330 K, the
intensity of the band increases and then decreases, just as
the intensity of the other bands in the PL spectrifig. 5).

The initial growth in the intensity of this band with increas-
ing temperature is apparently due to the temperature quench-
ing of the more intense, close-lying, neighboring bdhd
Figure 3 shows well the dynamics of this process. The maxi-
mum of this band shifts with increasing temperature to
shorter wavelengths, and at 350 K the band is centered at
580 nm(Fig. 3, curveb). The bandE shifts very little with
increasing temperature. The maximum of the bandhifts
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FIG. 4. Effect of temperature on the edge PL spectra nfZnSe crystal

annealed in LiCl salt for 100 T, K: 1 — 82,2 —101,3—112,4— 182.

Inset: Curves of temperature quenching of the intensities of the PL l&nds

(5) andA (6). 4-13 meV at low temperatures and 100—-150 meV at high

temperatures for different samples.

into the long-wavelength region with the coefficient of the ; 1 scsSION OF THE EXPERIMENTAL RESULTS
temperature shift equal te 3.8x 10 * eV/K and is close in

value to the coefficients of the temperature variation of the  The bandA at low temperatures lies next to a free-
band gap in ZnSé—4x10 % eV/K (Ref. 3]. The half- exciton emission line and is due to exciton annhilation. As
width of the bandA increases from 24 meV at 84 K to the temperature is raised, shallow donors transfer into an
80 meV at 350 K. As the temperature increases, the intensitpnized state and af>200 K exciton—impurity complexes,
of the bandB decreases much more rapidly than does thevhich are associated with ionized donors, whose contribu-
intensity of the band\ (Fig. 4), and this PL band is virtually tion to the formation of the band becomes dominant, are
undetectable at 180 K. The coefficient of the temperaturenost likely to form. This introduces an asymmetry in the
shift of the bandB into the long-wavelength region is observed band on the long-wavelength side, broadens the
—3.2x10" % eV/K. The large half-width of this PL band band, shifts the spectrum into the long-wavelength region
(68 meV at 82 K is due to the contribution of the phonon (Fig. 3), and increases the activation energy of temperature
repetitions, as is indicated by the appreciable inflection in thejuenching of the intensity of this PL barig. 5. The
long-wavelength shoulddFig. 4, curvesl and?2). observed sample-to-sample variance in the values of this en-
The activation energy of temperature quenching of theergy is evidently due to the presence of several types of
bandsA andB in the temperature interval from 80 to 120 K shallow donor impurity. In Ref. 4, we made a more detailed
(Fig. 4, inset} for different samples was found to be 10—27 analysis of the nature of the banflsandB. It was found that
and 37—-39 meV, respectively. At temperatures above 220 kthe structure of the luminescence centers responsible for the
the intensity in the maximum of the bakddecreases rapidly band B changes with increasing temperature. At low tem-
and the activation energy of the temperature quenching gberatures these are associative centers of the\ype. At
this band increases to 39-52 méMig. 5). At temperatures high temperatures the associative centers decomposed into
in the range~220- 250 K the temperature quenching of the simple, deeper acceptoks,, and shallow donors. For this
bandsE andD also changes. The curveslkf(10°/T) for  reason, annealing of ZnSe crystals in liquid zinc completely
these bands have two slopes. The activation energies of tlgrienched this band and annealing in liquid selenium strongly
temperature quenching of the intensity of the b&héqual increased its intensity.The low activation energies of the
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temperature quenching of this band do not reflect the depthiate consisting of zinc vacancies, a donor, and a shallow
of the luminescence center, since quenching occurs, ascceptor separated from them by a large distante, an-
shown in Ref. 4, by an internal mechanism. nealing of ZnSe crystals in LiCl salt should result in decom-

The intense ban€, observed in the luminescence spec-position of these complicated associates for two reasons.
tra of the starting crystals, with a maximum at 540 nm isFirst, as we showed earlidreven a short annedl0 h of
ordinarily attributed to the presence of copper in Zi€e. ZnSe crystals in LiCl salt results in extraction of shallow
The decrease in the intensity of this band after heat treatmendonors (Al, Ga, In) and acceptor§Na) from the crystal.
of the crystals in LiCl saltFig. 1) is explained by extraction These donors and acceptors probably are the constituents of
of copper from the crystal in the process of such annealingthe associate under study. Second, in such an anneal process

The luminescence centers forming the self-activated luzinc vacancies, which are also constituents of the associate,
minescence ban® with a maximum at 600 nm consist of are filled with lithium atoms (Li,). According to Ref. 9,
the associate®/,,Vs..”® The complete vanishing of this increasing the anneal time to 20 h and longer again sharply
band with prolonged annealing of the crystals in LiCl saltincreases the density of zinc vacancies as a result of depar-
(Fig. 1) that we recorded in an earlier wdrls due to simul-  ture of lithium atoms from the sites in the zinc sublattice and
taneous filling of the zinc and selenium vacancies by, Li occupation of the interstitial states. This decreases the num-
and Ck, atoms, respectively. ber of shallow acceptors ki (Ea=114 me\j, which im-

The presence of three maxima in the LES of the bBnd pedes repeated formation of LC of the baad despite the
(Fig. 2, curvesl and5) and the shift of the PL band itself high density ofV,, and shallow donors Li(Ep=17-20
(Fig. D and its excitation spectrur(Fig. 2) into the long- meV). However, this leads to the creation of favorable con-
wavelength region when the crystals are annealed in a LiCtlitions for the formation of the associat¥s,Li; which are
salt attest to the complexity of the structure of the lumines+esponsible for the luminescence bdhéh crystals annealed
cence centers responsible for tBéand and the mechanism in LiCl. An increase in the density of the associatégLi;
leading to the excitation of this band. It was recently shown with prolonged annealing of the crystals in LiCl salt and an
that the relocation of a nonequilibrium hole from an absorp-increase in the probability of radiative transitions on these
tion center(AC) to a deeper luminescence centeC) oc-  centers, since nonequilibrium holes under conditions of low
curs in the process of excitation of the 630-nm PL band. Thiglensity of LC of the bance remain localized onV,Li;
process is accompanied by transfer of excitation energy fromenters, result in rapid growth of the intensity of the PL band
the AC to the deeper LC. An Auger process with the partici-B (Fig. 1, curve3). An increase in the total density of the
pation of carriers localized at AC and LC occurs: After op-impurities (Li, Clgg and intrinsic defects\(,) during a
tical excitation of an electron from an AC into the conduc-long anneal of the crystals in LiCl salt decreases the possi-
tion band (or onto a shallow dongrthe electron returns bility of excitonic luminescence, which results in a decrease
nonradiatively into the AC, giving up in the process energyof the intensity and in broadening of the luminescence
to an electron localized in a deeper LC and exciting the elecbandA.
tron into the conduction band.Subsequent trapping of the
electron by a luminescence center gives rise to the long-
wavelength luminescence.

According to this model, the shorter-wavelength band in* Handbook of Fused Salfin Russiafl, Khimiya, Leningrad, 1970.
the LES of the band& (Fig. 2, curvel) is due to the excita- B E. Embergenov, N. E. Korsynskaya, V. D. Ryzhikov, L. P.

. . . Gal'chinski, and E. K. Lisetskaya, Fiz. Tekh. Poluprovod?iz, 1240

tion of an electron from a relatively shallow acceptor, which (1993 [Semiconductor®7, 686 (1993,

is an AC, into the conduction band. The difference in the 3v. v. Sobolev, V. I. Donetsikh, and E. F. Zagav, Fiz. Tekh. Polupro-

energy of the absorbed photon at the maximum of this exci- vodn. 12, 1089(1978 [Sov. Phys. Semicond.2, 646 (1978].

tation band and the energy of the emitted photon at the maxi- G- N- Ivanova, V. A. Kasiyan, N. D. Nedeoglo, D. D. Nedeoglo, and A. V.
. Simashkevich, Fiz. Tekh. PoluprovodrSemiconductorfs submitted for

mum of the bandB is of the order of 0.25 eV and corre- | yjication.

sponds to a Stokes shift. This suggests that the absorptiofv. Godlewski, W. E. Lamb, and B. C. Cavenett, Solid State Comraan.

centers are luminescence centers of the nde., associ- 6(5395“51?\5/3;)60% V. A Kasivan b. b. Nedeodlo. and S. V. Oorva. Loy

atesVzD. Assuming that a transition corresponding to the 7 ‘- FaRMe Y0 Tek‘;}_‘ No. 2, '341995_9 ' - Ve phya, fzv.

excitation of an electron into the conduction band from a7p A kukk and N. V. Paimre, Izv. Akad. Nauk SSSR, Neorg. Maté.

deeper LC of the ban& as a result of an Auger process is 1916(1980.

also manifested in the LES, it is logical to attribute the °M- Bl-dKOt'yafeVSKW’ A. A. Pegov, O. V. Leonteva, and B. G. Chern-

longer Wavel_ength_band in the excitatic_Jn spectr(ﬁg. 2, 9il/E.NZS. éo?b%%hE§ES:%S.e(l\ll.gli\glzﬁova, D. D. Nedeoglo, and B. V. Novikov,

curve 1) to this optical transition. The difference in the en-  opt. spektrosk72, 149 (1992 [Opt. Spektrosk72, 82 (1992].

ergies in the maxima of this banf is 0.45 eV, in good *°V.V. Dyakin, E. A. Sal'kov, V. A. Khvostov, and M. K. Stiekman, Fiz.

agreement with the Stokes shift of this band, found in Ref. 2. Tekh. Poluprovodn10, 2288 (1976 [Sov. Phys. Semicondl0, 1357

Adopting as a working hypothesis the idea that the LC of (1976
the 630-nm PL band of the baril is a three-particle asso- Translated by M. E. Alferieff
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Effect of band-gap narrowing on the diffusion of charged impurities in semiconductors
B. S. Sokolovskil and L. S. Monastyrskii

Iv. Franko L'vov State University 290602 L'vov, Ukraine
(Submitted December 11 1996; accepted April 1 1997
Fiz. Tekh. Poluprovodn31, 1332—-1335November 199y

It is shown theoretically that allowance for the internal electric field due to band-gap narrowing
as a result of strong doping of the semiconductor decreases the diffusion of the charged
impurity and forms a descending section on its impurity density dependenc&99® American
Institute of Physicg.S1063-782807)01211-9

Diffusion of charged impurities in semiconductors, in the case of acceptor impurity diffusion. Heke and N,
which is important for semiconductor device technology, hasare the effective density of states in the conduction and va-
been studied extensively, both theoretically andlence bandskF,, is the Fermi integralAE. andAE, is the
experimentally-? Despite those studies, there is very little displacement of the edges of the conduction and valence
published information on how band-gap narrowitRGN), bands as a result of heavy dopirtg, is the band gap in the
which occurs with high levels of doping in a undoped semiconductor, aig is the Fermi energy. In writ-
semiconductot; 2 influences diffusion of charged impuri- ing the expression&) and(3) it was assumed that energy is
ties. We know of only one work that touches upon some measured from the conduction band bottom in the undoped
aspects of this problem in application to the diffusion of P insemiconductor.

Si. As shown in Ref. 13, the Coulomb interaction of the Assuming local equilibrium Eg=cons}, we find from
carriers together with BGN lower the formation energy of Egs.(2) and(3) the internal electric field
vacancies and increase the vacancy diffusion.

In the present paper, we investigate theoretically the ba- dp kT INg  JAE,

sic mechanisms of the effect of BGN on the density depen- — - =~ " (4)
dence of the diffusion of a charged impurity. The approach o eNeF 1 Fia(Na/Ne)] o o
employed for calculating the density dependence of the dif- .

fusion is based on taking into account the internal electrid” an-type semiconductor and

field due to the spatial nonuniformity of the energy diagrams

of a heavily doped semiconductor under the conditions of a  _ a_‘P: kT N, _ JAE, (5)
dopant density gradient. X eN,F_y Fi(Na/N,)] 9x X

In the presence of an electric field, the one-dimensional
(along thex axis) acceptorg, and donormy fluxes of singly  in ap-type semiconductor, arfe, is the function inverse to
charged impurities with local densitiéé, andNy at an ar-  the Fermi integral. The derivations of Edd) and (5) took

bitrary timet can be expressedZas account of the fact thadF(z)/dz=F _1(2).
The second terms in Eq&}) and(5) describe the effect
Nag_ € do on the internal electric field of the change in the positions of

— _po — T
Ga,a(X,1)=~Dag ax KT ax ad] @ the edges of the allowed-energy bands as a result of heavy

doping of the semiconductor with a diffusing impurity. A
whereDg’d are the diffusion coefficients of the acceptor andnecessary condition for this effect to occur is nonuniformity
donor impurities at low impurity concentrationg, is the  of doping (evidently, these terms vanish when the impurity
electrostatic potentiak is the elementary chargd, is the  distribution becomes unifohmWe note that similar terms
temperature, andl is Boltzmann’s constant. are present in the internal electric field of variable band-gap

We assume that the characteristic length of the spatiasdemiconductor solid solutior’8.However, in the latter cases
distribution of the impurity is much greater than the screenthe gradients of the edges of the allowed-energy bands de-
ing length, and that the impurity density is much higher thanpend not only on the impurity distribution, but also on the
the intrinsic densityn; of the charge carriers. The internal chemical composition, whereas the profile of the energy dia-
electric field can then be found from the equation of electricgram in heavily doped semiconductors is determined
neutrality uniquely by the coordinate distribution of the impurity.

Substituting the expressiord) and(5) into Eq. (1), we

Er—AE(X,t) +eq(X,t) represent the impurity fluxes in the form of the diffusion
Nd<x,t>=NcF1,2[ e (2 o i
under conditions of donor impurity diffusion and INg g
9a,d(X,1)==Daa—7 = (6)
AE,(X,t)—eqe(x,t)—Eg—Eg
Na(x,t)= N”Fl’z[ kT @ with density-dependent diffusion coefficients
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N, 4 whereA, , andB,, , are positive coefficients, whose numeri-
Dag=|1+ *a’ cal values for Si, Ge, and a number of 1ll-V semiconductors
Ny ,cF ~1d F1/a(Na,a/Ny c)] of both types of conductivity are presented in Refs. 8 and 9.
_ 1 dAE,.

(7)  electric field associated with the BGN is taken into account,
the diffusion coefficient decreases and, in addition, the cor-

. . rection for band-gap narrowing increases in modulus with
To analyze the characteristic features of the density de; gap 9

pendence of the diffusion coefficient under BGN conditions,the impurity density. This feature of the diffusion coefficient
it is necessary to have expressions for the change in th
profiles of the conduction band bottom and valence band to
as a function of the impurity density. A number of models of
BGN that take into account the possible interactions in th

carrier—impurity system have now been prppomb, for thereby decreases the internal electric fiéld;hich acceler-
example, Refs. 3—12 and the references cited (haieese ates the diffusing charged impurity

models are in good agreement with the experimental density Since the character of the density dependence of the dif-

dependences of BGN in many semiconductors. The BG'\Iusion coefficient is determined by the ratio of the second

model developed in Reis. 8 and 9 s currently the MOSY\d third terms in Eq(7), which varies with the impurity

widely used model, because this model, in which more mteraensity(Fermi leve), it is useful to examine separately the

actions are taken into account at the quantum-.mechan|c%lehavi0r ofD, 4 in the range of impurity densities where the
level than in other models, gives the corréspecifically, '

. . . charge carriers are not degenerate or the degeneracy is weak,
inversely proportionaldependence of the magnitude of the 9 g g y

. ) nd also in th wher ing results in stron n-
BGN on the effective mass of the charge carrisfhie shifts and also in the case where doping results in strong dege

<
of the band edges in the model of Refs. 8 and 9 is describegscgé:;it?niecizlechnwssl:edfgsegﬁtr:ﬁhéale\l’%%Where
by the expression 9 P

It follows from Egs.(7) and (9) that when the internal
"'k_-l- dNa,d Na,d) a,d

in heavily doped semiconductors has a clear physical expla-
ation. The transformation of the energy diagram as a result
Bt doping, which lowers the energy of the majority carrier in
the region with high impurity density, prevents majority car-
Siers from escaping into a more lightly doped region and

expz
1.83A T Fypo=——m, z<1.3 (10
AE.,=FR, +— , (8) Y2 1+ aexpz’
’ INSSraa 2N, rda

(herea=0.27), the density dependencedf 4 is given by

— 4 222 : .
where R, ,=m, ,e*/2¢“h~ are the effective Bohr energies the expression

for the conduction and valence bandsis the relative per-

mittivity of the semiconductomn, , are the electron and hole o N, Aon 1
effective massesty o= (3/47Ny ) ¥¥a.,, are the average Dad(Naa)=Dadl 1+ T oN .~ 3KT Vad
a, ) . J . v, ®Naqd
donor—acceptor distances normalized to the effective Bohr ' :
electron and hole radé, ,= e%%/m, ,€%, N, , is the number ~ Bpn N2 11
of equivalent extrema in the conduction and valence bands, 2kT 24|’
and A is a coefficient of the order of 1, which takes into _ _
account the anisotropy of the conduction bandnitype It follows from Eqg. (11), which holds in the case of a

semiconductors and the interaction between the light- anfiondegenerate semiconductor, that BGN leads to the forma-
heavy-hole bands ip-type semiconductors. The first term in tion of a descending section in the density dependence of the
Eq (8) describes the disp|acement of the extremum of th@ifoSiOI’] coefficient. The CoefficienIBa'd decrease with in-
majority charge carrier band as a result of the exchange ircreasing impurity density in the region of the nondegenerate
teraction between the carriers, and the second term charagarrier gas and in the region of weak degeneracy. In the first
terizes the displacement of the extremum of the same band &8se, the factoD, 4/DJ 4 by which the diffusion coefficient
a result of an interaction between the carriers and the impuhcreases as a result of the internal electric field, which is not
rities. According to Refs. 8 and 9, expressit8) can be renormalized by the BGN effect, does not depend on the
applied to many semiconductors in a wide temperature rangépurity density and equals @ve recall that our analysis is
(as a result of the weak temperature dependence of multipalimited by the conditiorN, 4>n;).*® In the second case this
ticle interaction® and in the density range corresponding tofactor increases as a result of carrier degeneracy, which in
a degenerate and nondegenerate charge-carrier gas. the region whered, 4 decreases does not exceed the BGN
Restricting the analysis below to the use of E8), we  correction which decreasés, 4.
note that the diffusion mechanisms established below will be ~ Since theN, 4 dependence of the second term in Eq.
qualitatively satisfied in the case where other models of BGN11) is superlinear, and since the terms describing the BGN
are used, specifically, the models of Refs. 3 andia@iew  contribution are sublinear, in the region of weak degeneracy
of the fact that in all models the magnitude of the BGN is a@ local minimum can form in the functiorB, 4(Ng g). In
monotonically increasing function of the impurity dengity —the case wherdl, <(2A, 1/3B,, ,)°, the minimum value of
The expressioti8) for the displacement of the edges of Daq iS reached when
the majority carrier bands can be represented as AN |32
p,n U,C)

min__
AEc,=+[A, NY3+B, N¥2], 9 ad= (12)

9akT
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The position of the minimum of the functiori3, 4(N, 4) stronger density nonlinearity of the second term in 8@
shifts with increasing temperature into the high-density rethan in the case of the BGN terms, the railg ,/D, 4 de-
gion. In the process, the depth of the minimum decreasesreases with increasing doping level.
somewhat. For example for p-type Si the minimum value In summary, we showed in this paper that BGN de-
is D= 1.82Df,31 at T=600°C and D= 1.85Dg at creases the diffusion coefficient of a charged impurity. A
T=900 °C. This behavior of the diffusion coefficient is at- descending section is observed in the density dependence of
tributable to the fact that the BGN correction By, 4 in-  the diffusion coefficient in the region of weak degeneracy,
creases with decreasing temperature because of the tempeaad the ratio of the diffusion coefficients, which are calcu-
ture factor KT (in the BGN model of Refs. 8 and 9 the lated with and without allowance for BGN, reaches its maxi-
displacements of the band edges are virtually temperatunemum value in the intermediate degeneracy range.
independent It is obvious that the models of Refs. 3 and 10,
where BGN decreases with increasing temperature, will re-
sult in a stronger temperature transformation of the densny i i . o
For numerical estimatep;type Si was chosen as a material with one of the

dependences of the diffusion coefficient. strongest density dependences of the edge of the majority carriefBand.

We note that the presence of a descending section in the
density dependence of the diffusion coefficient can result in
an instability of the diffusion flux. Specifically, it can cause

1 S .
impurities to coagulate into bunches. D. Shaw[E(_j.], Atomic I_lefusu_)n in SemiconductoRlenum Press, N. Y.,
P he i g d . furth min 1973[Russian translation, Mir, Moscow, 19[75
As the impurity density increases furt Ema(.d> ) 2B. I. Boltaks, Diffusion and Point Defects in SemiconductfirsRussia,

the absolute and relative deviations of the diffu5|on coeffi- Nauka, Leningrad, 1972.

cients Da|d and Dz’a,d’ calculated with and without BGN, 3H. P. D. Lanyon an_d R. A. Tuft, IEEE Trans._EIe(_:tron Devi@&s 10_14

respectively, increase. The calculation of the density depen-(1979; S- SzePhysics of Semiconductor Devicsiley, N. Y. [Russian
. . .. . . . translation, Mir, Moscow, 1984, Vol.]1

dence of the diffusion coefficient ip-Si using Eq(7) shows 44 s Bennett and J. R. Lowney, J. Appl. Ph§g, 5633(1981.

that the ratioD, 4/D, 4 reaches its maximum value, equal to 5B E. Sernelius, Phys. Rev. 83, 8582(1986.

1.3, atT=900 °C andN =1.1x 10% Cm_?’, which corre- 6H. S. Bennett and J. R. Lowney, J. Appl. Phgg, 521 (1987.
sponds to the position of the Fermi level in the valence band fog(lg)gl;)] E. Heasell, and D. J. Roulston, Prog. Quantum Electdon.
at a distance of KT from the valence band top. 8S. C. Jain, J. M. McGregor, and D. J. Roulston, J. Appl. PB@s 3747
Under doping conditions that result in strong degeneracy (1990.
of the charge carrlersf\(a > Nu C), we obtain fOI‘Da d from lOS C. Jain and D. J. Roulston, Solid-State Elect@%.453(199)).
' . ' D. I. Bychkovski, O. V. Konstantinov, and B. V. Tsarenkov, Fiz. Tekh.
Egs.(7) and(9) the expression Poluprovodn24, 1848(1990 [Sov. Phys. Semicon@4, 1151(1990)].
13N |23 A N1/3 117, H. Lu, M. C. Hanna, and A. Majerfeld, Appl. Phys. Leit, 88 (1994.
D..=D°% |1+ = ad 2B P. Yan, J. S. Luo, and Q. L. Zhang, J. Appl. PhyE, 4822(1995.
ad a,d 6 N, ¢ 3kT A, O. Konstantinov, Fiz. Tekh. Poluprovod®6, 339 (1992 [Sov. Phys.
’ Semicond26, 191 (1992].
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- (13 (1992 [Sov. Phys. Semicon®6, 191 (1992].
2kT 15K, Lehovec and A. Slobodskoy, Solid-State Electr8n45 (1967).

16 . e
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In the region of strong degeneracy, the differeiixg, > serg

D, 4 grows monotonically withN, 4. As a result of the Translated by M. E. Alferieff
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Photoconductivity of CulnSe , films
V. Yu. Rud’

State Technical University 195251 St. Petersburg, Russia
Yu. V. Rud®

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences 194021 St. Petersburg, Russia
(Submitted April 11 1997; accepted April 16 1997
Fiz. Tekh. Poluprovodr31, 1336—1339November 199y

CulnSe thin films were grown by vacuum sputtering of presynthesized material from a single
source. The room-temperature photoconductivity spectra of the films were obtained. It

was determined that the photoconductivity of these films depends strongly on the preparation
conditions and, especially, on the source temperature. A shift of the long-wavelength
photoactive absorption edge and the evolution of the photoconductivity spectra of the films were
observed. This influence can be explained by allowing for deviations of the composition of

the condensed phase from CulpSstoichiometry. The phenomenon established can find
application in the production of highly efficient thin-film phototransducers based on

CulnSe. © 1997 American Institute of PhysidsS1063-782807)01311-3

The ternary semiconductor compound Culp®€lS) is  heated by an electric current up to a temperature of 1350 °C,
now one of the most widely used multicomponent materialsvas used as the evaporator. The substrate holder was placed
for highly efficient thin-film solar cell§SC9.1~3 The effi-  200-400 mm directly above the evaporator. The substrate
ciency of such SCs has already reached ¥7%nd further temperature was regulated by a flat resistance furnace in the
progress in this field can be made by controlling the opticarange 300—450 °C. To stabilize the parameters of the vapor
and electronic properties of CIS films. The band gap, whichphase during deposition of the CIS, the evaporator—substrate
is the most important parameter for such applications, desystem was enclosed in a metallic screen. As x-ray and x-ray
pends on the atomic composition of the material and also oMicroprobe investigations showed, the lattice parameters and
the degree of ordering of the atoms in the semiconductors gfompositions of the films obtained with evaporation tem-
such complex compositioh’ In the system Cu—In—Se, the peraturesTs=900-1350 °C and substrates heated to tem-
ratio of the copper and indium atom densities directly influ-peratureTo=300—450 °C corresponded to the initial CIS.
ences the crystal lattice and the ordering of the Cu and Id he film thicknesses with fixeds and To were monitored
atoms?®° Until now, the spectral position of the long- DY the evaporation time and reached 1—4r§ att=15 min.
wavelength limit of photosensitivity in SCs based on cisThe film surfaces were mirror-smooth. All films obtained
thin films was controlled by forming solid solutions by ad- exhibited, as a rule, rather good adhesion to the surface of
ditonally introducing Ga, Te, or S into the fims the glass substrates.
deposited:10-12 The PC measurements were performed on samples with

In the present paper we report the results of experimentalVerage sizes 15-2B—5 mm. The samples were prepared
investigations of the stationary photoconductivilgC) of Py etching off CIS films, deposited on the glass, on the sur-
CIS films as a function of their vacuum thermal depositionfac® which was not coated with lacquer. Ohmic contacts
conditions. Photoconductivity measurements give direct in¥ere Produced by soldering pure indium. The spectral de-

formation about the character of the photoactive absorptioR€ndences of the PC were measured in the region where the
and ultimately have led to the discovery of a new possibiIityphc’tc,)currer.‘t was proportional .to the '”C'de'.'“ radiation flux
for controlling the spectral position and structure of the Iong-dens'ty' which served as a basis for converting the photoflux

wavelength photoactive absorption edge exclusively b))nr:Z t?e e:qtgvz!e?t nurkr:bte(/olftmmdentlzhgt(?[ns. Itdsrtwutlddbg
monitoring the technological parameters of the depositionu erscore al a photovoltage could not be detected by

o : . ' scanning the obtained film surfaces with a light pr¢be2
process, avoiding the need to introduce into the reaction zone

. : . . mm in diametex. This indicated that the homogeneity of the
new components which are required in order to form solid : :
: : . L CIS samples obtained by the method of thermal evaporation
solutions with the appropriate composition.

Thin polycrystalline CIS fil deposited on glass"/2S adequate
In polycrystafine lims were deposited on glass Figure 1 shows typical spectral dependences of the sta-

.SUb straFes by evaporatlo_n Into a vacuum from a single ‘?’Ou_r(‘t?onary PC of CIS films obtained with different evaporation
Into _Wh'Ch a p_rt_asynthesmed material close to the StOIChI07temperatures and a fixed deposition temperature. One can see
metric composition of the ternary compound was placed. Thg,m e figure that controlling the evaporation temperature
starting material was evaporated in the growth chambery,,yes it possible to influence effectively the spectral contour
evacuated to pressures T0Torr. A graphite cylinder, of the PC. Until now, only a dependence of the resistivity,
type of conductivity, and charge carrier density in the CIS
de-mail: rudvas@uniys.hop.stn.neva.ru films on the deposition conditions was knowhAccording
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FIG. 1. Photoconductivity spectra of CIS films as a function of the evaporation tempeFatuf€: 1 — 900, 2 — 950,3 — 1000,4 — 1060,5 — 1100,
6 — 1130,7 — 1175,8 — 1230,9 — 1300.T5=330 °C.

to Fig. 1, as the evaporation temperature increases, the longange from 300 to 420 °C do not introduce any fundamental
wavelength PC edge shifts into the short-wavelength spectralhanges in the character of the evolution of the spectral con-
region and the contribution of the short-wavelength compotour of PC examined above. Variations B give rise only
nent of the PC increases. At evaporation temperatures up to a shift of the temperature ranges where the maxima stud-
1000 °C(Fig. 1, curvesl—3) the photosensitivity dominates ied above dominate. All these maxima undergo the same
for photon energies w,~0.7 eV, and the contribution of the evolution as that shown in Fig. 1 with increasiig and

short-wavelength component with a maximum &,
~1.24 eV increases witfTg and becomes dominant at
=1060 °C (Fig. 1, curved). As Tg increases furtherTg
=1100 °C, a component, which is typical for &> with a

To=const.

As one can see from Fig. 2, even small changes of the
deposition temperature give rise to appreciable shifts of the
long-wavelength edge and maximum of PC in CIS films.

maximum at# w;~1.03 eV appears in the PC spectra andThis shows how important it is to stabilize the process pa-
intensifies(Fig. 1, curves-9). It should be noted that when rameters under deposition conditions. The observed displace-
the evaporation temperature increases above 1175 °C, evements of the long-wavelength edge and absolute maximum

shorter wavelength maxima form &iw,~1.6 eV (Fig. 1,
curves7-8) andZ ws~2.2 eV (Fig. 1, curve9). Therefore,

h w; of the PC into the short-wavelength spectral region with
increasingT g could be due to changes in the deviation of the

on the basis of the regularities examined above, the spectrabmposition of the solid phase from CIS stoichiometry,

contour of the photoactive absorption of CIS films can bewhich in turn gives rise to a change in the density and nature
controlled by varyingTg with the deposition temperature of lattice defects as well as the band gap in the films. Figure
held fixed. As investigations showed, variationsTgfin the 2 also shows how an increase Ty is accompanied by a

V. Yu. Rud and Yu. V. Rud 1152
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1.01] {1‘03 TABLE |. Photoelectric properties of CIS thin films &t 300 K.

1.0} T,.°C ho™, sm, 812 s,
N (To=330°C) eV cm/W meV  eV! 7
107 900 0.71 106 670 48 4
2 46 1060 1.24 107 1500 35 0.7
] 36 1150 1.02 10° 270 58 4
I | 95 1150 1.01 10 320 41 2.7
< 92 1170 1.03 x10°° 670 38 1.4
) 2 1170 1.02  x10* 2200 40 0.6
-
as a result of changes occurring under conditions of deposi-
0 110 4 zLa tion the band gap of the film material can take on discrete
) b, eV ) values near 0.7, 1.0, and 1.24 eV. In a number of films, these
maxima are present in the PC spectrum in some combination
FIG. 2. Photoconductivity spectra of CIS filmsB&300 K. T, °C:1—  simultaneously(Fig. 1). Changes of the deposition condi-
1150,2 — 1175.Tx=335 °C. tions could give rise to corresponding deviations from sto-

ichiometry, which gives rise to a corresponding transforma-

tion of the PC spectra. Since according to the investigations

simultaneous decrease in the short-wavelength dropoff of thfeformed in these samples the crystal lattice parameters and
PC. This could be due to a decrease in the surface recombiy,myasition of the films are close to the values known for

nation rate of nonequilibrium charge carriéf’s. , ~ CIS! it can be concluded that PC measurements could be
The long-wavelength PC edge in the films obtained withyeferaple for choosing conditions of growth of thin CIS

different Ts remains exponential, despite the large shift ofgns \ith prescribed properties. Indeed, as one can see from

the energy position of the edge from 0.7 to 1.2 @¢e Fig.  Tape |, measurements of the evaporation temperature make
3 and Table ). The slope of the long-wavelength PC edgej; ossible to monitor photoelectric parameters of the films,

s=4(Ini)/(fiw) remains quite large in all cases, suggestingg,ch as the energy position of the long-wavelength maxi-
that interband transitions in such films are direct. If the €N mum, the specific photosensitivi§", the FWHH 8y, of the
ergy of the interband transitions is estimated from the SP€Cspectral band of PC, the slome and the relative surface
tral position of the absolute maximum of the photocurrent,o.ompination rate;.

then according to the results presented it can be assumed that |, summary, the spectral contour of photoactive absorp-

tion of thin CIS films can be controlled by varying the con-
ditions of thermal deposition of the CIS, without resorting to
¥ the production of quaternary solid solutions, the standard
method for such purposes. This could find applications for
/ producing high-efficiency, CIS-based, thin film solar cells.
This work was supported by the International Program
INTAS.
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SEMICONDUCTOR STRUCTURES, INTERFACES, AND SURFACES

Relaxation properties of a metal—chalcogenide glassy semiconductor
V. T. Avanesyan, V. A. Bordovskil, and R. A. Castro

A. . Gertsen Russian State Pedagocial University, 191186 St. Petersburg, Russia
(Submitted January 21, 1997; accepted for publication April 14, 1997
Fiz. Tekh. Poluprovodr31, 1340—1341(November 199y

The results of a study of the temperature dependence of the capacitance of asBAl-dmtact
at infralow frequencies are reported and the values of the parameters characterizing charge
accumulation processes are estimated. 1997 American Institute of Physics.
[S1063-78267)03311-3

1. INTRODUCTION in vaccum. The samples possessed a sandwich configuration

The capacitance spectroscopy method applied to chalcdvith aluminum elect.rodes and a contgct area of 14.Gmm
genide glassy semiconductof€GS$ makes it possible to The curves of the |sothermql reIaxapon currents were re-
investigate the effect of different excitation conditions on thecorded using an electrometric amplifighe measgred cur-
form of the density of localized statt@t the same time, the "€Nts of both polarities range from 18 to 107 A), a
effect of the temperature on the capacitance of the Alsas ~ Stabilized-voltage sourcel(=0.1V), and a X-Y potenti-
barrier has been established by the method of dynamic Cup_meter. Durlng the measurements the temperature varied in
rent voltage charcteristid®CVC9). This effect is correlated 1€ ranger=294-344 K.
with the idea that there exists a quasi-continuous spectrum of
localized states in the band gagn investigation of a pro- 3. RESULTS AND DISCUSSION
longed relaxation of the photoconductivityPC) of glassy . .

As,Se; (Ref. 3 has shown that its chief characteristics can The C“”er?t relaxation curves for /ey a'F d|fferent_

be described in a model that takes into account the dispersic}ﬁ.mperatureﬂ:'g' D are charactgr:]zed by a single section
character of the charge transfer mechanism. However, th\é\:'Ith a hyperbohg drqp offl () ~t™* (n=0.8-0.1) corre-
prolonged PC relaxation processes are associated with cut? onilnghto the tflmhe |nt:erva1t=;—;00 S'f h for i
rent relaxation effects which are characteristic of high- tTI e.t elo:yo t ?e(zl\e/l?sy mfc ?nlsmc_) N r;lrge”:ra?_s erm
resistivity materials and arise in the sample as a result of th(réne al-insula ofr—hme 5 ) structures gives for the time-
accumulation and redistribution of bound charge. ependernce of the current

We have developed a method of capacitance spectros- 1=UC7/(7+1)? @
copy for the purpose of further studying the properties thatfor

) . r=L3% ud.U, whereris the characteristic time constant,
:g:ercetgtiz(; dynamical characteristics of the metal-CGS barl-_ is the thickness of the insulating layer,is the effective

charge carrier density,. is the width of the region of charge
2 EXPERIMENTAL PROCEDURE accumulation near the contact, addis the applied voltage.

. o . The instantaneous relaxation time=1/(dl/dt) of the pro-
The investigation was performed oft1.0-um-thick  ~.<qis characterized by the relafion

As,Se; films prepared by the method of thermal evaporation

Je 120 4
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FIG. 1. Relaxation curves of the dark current in,8g at different tem- FIG. 2. Temperature dependence of the contact capacitance calculated from
peratures, K1—294,2—314,3—344. Eq. (3).
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r=1/(dl/dt)=(7+1)/2. (2) 4 CONCLUSIONS

Taking into account the experimental dependeng)
for the family of curved (t) (Fig. 1) and the expression&)
and(2), the capacitanc€, of the contact as a function of the
temperature can be determined as

The character of the relaxation processes ipgS&sfilms
indicates the existence of a non-Debye mechanism of disper-
sion that corresponds to an asymmetric distribution of the
relaxation times and determines the effect of contact phe-
Cc=4lg exp(bT)to/UngT(2a+2—ngT), (3 nomena on charge relaxation processes. The high value of

wherel,, ny, a, andb are constants, ang is the polariza- the activation energf (of the order of the band gamdi-
tion time corresponding to the termination of the relaxationcates that even the deepest states participate in the formation
process {,=100 s). The obtained temperature dependencef the barrier capacitance.
C.(T) (Fig. 2 is characterized by the activation energy
E,~1.3 eV and agrees with the dependence established in
Ref. 1 for an ac current.
Taking into consideration the relation between the in-
stantaneous relexation time for a hyperbolic drop off and the'G. A. Bordovski and M. R. Kanichev, Fiz. Tekh. Poluprovod, 527

constantr, it is possible to switch to the time dependence of _(1990 [ Sov. Phys. Semicon@4, 330(1990].
the charge-accumulation region 2A. A. Simashkevich and S. D. Shutov, Fiz. Tekh. Poluprova#).611

(1994 [ Semiconductorg8, 367 (1994].
d.=nL%(2—n)tuU. (4) 3K. Shimakawa, Y. Yano, and Y. Katsuma, Philos. Mag54 285(1986.
“N. Anisimova, V. Avenesyan, G. Bordovski, R. Castro, and A. Nagayteev
It follows from the last expression that the thickness of the in pProceedings 8th Int. Symp. on Electielaris, France, 1994, p. 136.

capacitance layer of the contact decreases and the electri®. L. Timan, Fiz. Tekh. Poluprovodr¥, 225 (1973 [ Sov. Phys. Semi-
field E. increases with time in the region near the contact. cond.7, 163(1973].

Specifically, the termination of the relaxation process ®A. M. Andriesh and M. R. Cherrlyin Crystalline and Glassy Semicon-
(t,=100s) is characterized by the values =124  cuctorslin Russiad. Shtinitsa, 1977, p. 127.

X102 m andE,=8.06x 10° V/cm. Translated by M. E. Alferieff

1156 Semiconductors 31 (11), November 1997 Avanesyan et al. 1156



Electrical and photoelectric properties of an anisotypic Pb 0.939N( 07Se/PbSe
heterojunction

T. A. Gavrikova and V. A. Zykov

St. Petersburg State Technical University 195251 St. Petersburg, Russia
(Submitted December 24 1996; accepted March 18 1997
Fiz. Tekh. Poluprovodn31, 1342-1346November 199y

The electrical and photoelectric properties of sharp anisotypRly, 95 o;Seh-PbSe
heterojunctions with hole densities in the crystal of the solid solutisrl@®®—2x 10'® cm™
and electron densities in the PbSe filnx 10— 5x 10' cm™2 were investigated. The
heterojunctions were fabricated by the method of vacuum epitaxy of a PbSe film on a single

crystal of the solid solution. The conditions for preparation of sharp anisotypic heterojunctions with
the lowest density of states ¥410'° cm™2) on the metallurgical boundary were determined.

The dependences of the photoresponse signal on the current-carrier density in the base regions and
the characteristic features of the spectral distribution of the photosensitivity were analyzed.

The direct and inverse current-voltage characteristics were investigated. A band diagram was
constructed in the approximation of an ideal heterojunction model1987 American

Institute of Physicg.S1063-782@07)01411-7

3

Narrow-gap solid solutions of lead and tin chalcogenidedrom Hall effect measurements on control samples of PbSe
(Pb,_,SnSe, Ph_,SnTe) are promising materials for in- films on (111) BaF, and were equal t;n=2x10'—5
frared (IR) radiation detectors in the atmospheric window X 10'® cm™3. The quality of the crystals of the solid solution
10—14 um.! Until recently, the use of materials from this and the composition and electrical parameters were moni-
group was limited by the possibilities of the technology usedored by comprehensive investigation of the Hall coefficient,
to grow high-quality crystals with the properties required forelectrical conductivity, thermoelectric power, and transverse
photoelectric applications. For this reason, device developNernst—Ettingshausen effect in the temperature range 77—
ment was limited to the most technologically efficient solid 300 K, as well as by optical methods, by investigating the
solutions Ph_,SnTe.l? At the same time, a comparative absorption coefficient near the fundamental absorption edge.
theoretical analysis of the characteristics of the materialThe wafers of p-PhyoSn o;Se with hole densityp=1
shows that solid solutions in the selenide system have a numx 10*6—2x 10 cm™2 and oriented in thé100) plane were
ber of advantages for the development of photodiodaised as substrates for the heterostructures. Prior to deposi-
structures. The present level of crystal-growing technology tion, the PloSn,;Se substrates were subjected to
(mainly on the basis of vapor-phase metHotisind of sto-  chemical-dynamic polishing in a ferrocyanide etchént.
ichiometry monitorin§ makes it possible to obtain Mesa structures with junction arde=10"2 cn? were sepa-
Pb,_,SnSe crystals of the required quality and set the presated for investigation of electrochemical etchfighe junc-
requisites for investigating experimentally the properties oftion was illuminated on the wide-gap material side.
the photovoltaic structures based on them. Analysis of the effect of the parameters of the crystals on

In the present paper we report the results of an investithe electrical and photoelectric properties of the heterojunc-
gation of the electrical and photoelectric properties of anisotions was performed on structures similar to Schottky diodes,
typic heterojunctiongHJ9 p-Phy oSy o;Seh-PbSe. The tin - where a strongly doped PbSe film was used as the metallic
content in the narrow-gap solid solutiar= 0.07 corresponds electrode. Estimates show that for current carrier densities in
to the band gajE,=0.104 eV at 80 K and a red limit in the the film exceeding 1 cm™3, the diffusion potential is al-
region 10-12um; for PbSeE = 0.165 eV’ Structurally, the  most completely concentrated in the solid-solution crystal.
components of the HJ form an ideally matched pair for epiFigure 1 shows the experimental dependence of the photore-
taxy — the crystal lattices are isomorphic, the lattice paramsponse signal (photo-emfj on the hole density in
eters differ by 0.15%, and the thermal expansion coefficientg-Ph, osSn, o;S€ for a heterojunction with a strongly doped
are virtually identical® PbSe film. For all experimental heterojunctions, the electron

The heterojunction was prepared by epitaxial growth ofdensity in the lead selenide film was= (2—3)x 10 cm 3.

a lead selenide film on a substrate consisting of the solidhe photo-emf signal) reaches the highest values for a
solution. PbSe films were deposited by vacuum sputteringpole density in the crystgh=3x 10— 1x 10 cm 2 and
using the “hot-wall” method® The sputtering conditions and remains nearly constant in this range. por2x 10" cm™2,
technique are described in Ref. 10. The density and type db decreases rapidly with increasing hole density and there is
majority current carriers in the crystals and films were detervirtually no photoresponse at=1x 10" cm™3. As the den-
mined by the ratio of the intrinsic defectdeviation from  sity decreases fronp=3x10°® cm 3, the photoresponse
stoichiometry. The current carrier density in the PbSe layerslikewise drops, but much more slowly.

on single-crystalline RjySm, o;S€e substrates were estimated The spectral characteristics of the heterojunctions with a
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of RyA (Ry is the dark resistance of the junction with zero
1} ° biag for a device with a unilateral Rb,SnSe-basegp—n
junction on the hole density in the crystal. This agreement
concerns the characteristic values of the densities, for which
a change is observed in the dependence of the photoresponse
signal on the current carrier density in R ;Se. The
photoresponse signal was recorded in the hole density range
(p<2x 10 cm~3) corresponding to diffusion current flow
in the heterojunctions; here the highest photoresponse is
o reached in the density range where Auger recombination
dominates. In the regiop>2x10'" cm 3, R,A and the
1073} photoresponse decrease rapidly with increasing hole density
as a result of an increase in the tunneling component of the
conductivity.
As the current carrier density in the PbSe film decreases,
a photosensitivity peak appears in the spectral characteristics
10"'1015 1;,. 1;)71 1;,“ of the response of the heterojunctions in the short-
Py cm” wavelength region of the spectrum with a maximumhat
=8 um (Fig. 2, curve and3). In the epitaxial technology
FIG. 1. Photoresponse signal ofpaPh, .Sty o:Seh-PbSe heterojunction €mployed for preparing the heterojunctions, the current car-
versus the hole density in the solid solutidh=80 K. rier density in the film is decreased by adding selenium into
the main vapor flux. The efficiency of this technique for
controlling the defect composition and the electronic proper-
strongly doped lead selenide film exhibit a photoresponseges of the films depends on the degree to which the condi-
only in the wavelength range 10-%2m (Fig. 2, curve2).  tions of growth deviate from the equilibrium, i.e., on the
For hole densityp=(1-3)x10" cm™® in PhygSnoSe,  vapor supersaturation and condensation temperatyré®
the maximum spectral sensitivity is attained at the wavefxperiment shows that fof <350 °C it is impossible to
lengthA=11.9 um, corresponding to the band gap in the achieve current carrier densities below (1-x2)0'" cm™3,
solid solution at 80 K. As the hole density in the crystalseyen with the lowest vapor supersaturations in the crystalli-
increases from 810" to 1x 10" cm™2, the red boundary zation zone. This is due to the nonequilibrium defects, whose
in the SpeCtral distribution of the SenSitiVity shifts into the number is controlled main|y byc '9 However, an increase in
ShOI’t-Wavelength region. This Sh|ft, tak|ng into account theTc, accompanied by a decrease in the density of nonequ”ib-
small values of the effective masses of the density of stategym defects in the film, simultaneously stimulates atomic
in the solid solutior,is attributable to the Burshile-Moss giffusion processes in the contact region of the components
effect. of the heterojunctions. An Auger spectroscopy analysis of
The qualitative experimental hole density dependence ofye distribution of the elements near the metallurgical bound-
the photo-emf obtained for the heterojunctions agrees sati%;ry of the heterojunction shows that at condensation tem-
factorily with the theoretical calculationsf the dependence peratures above 350 °C, tin diffusion from the substrate into
the growing lead selenide layer becomes appreciable. This
diffusion causes a broadening of the metallurgical boundary

S, xrbd. units
3

]

-l

Ll

1.2} of the heterojunction, which at high, can reach several tens
of microns over the film deposition time. In application to
7.0k the epitaxial heterostructure under study, fir>350 °C,
the characteristic geometric dimensions of the regions of
ot 3 broadening become comparable to the width of the space

charge regions, and the heterojunction acquires characteris-
tics of a variable-gap structure. This circumstance is reflected
in, specifically, the spectral characteristics of the heterojunc-
tion, resulting in a shift of the maximum of the photoreponse

04f in the region of sensitivity of the solid solution into the short-
wavelength regiorFig. 3). At the same time, the sensitivity
0.2f peak in the region of the variable band gap component of the
heterojunction shifts into the region of longer wavelengths.
02 ,; é 0' 1;) 1; 1; Thus, in the vacuum epitaxial technology for preparing
3,,,,,,,,, p-Phy 955 o;SehPbSe heterojunctions, it is possible to ob-

tain two types of heterojunctien— a sharp anisotypic het-

FIG. 2. Spectral characteristics ofiaPhy .S, o.Seh-PbSe heterojunction erolunctlo? with _spectral dlstrlb_utlons of the photose_ns_|t|V|ty
with hole density in the crystai=8x 10% cm~3 and electron density in the  (T¢<300 °Q which are determined by the characteristics of

film n, 10" cm™3: 1 — 10,2 — 6,3 — 2T=80 K. the components of the heterojunction in the base regions and
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- o junction withp=8x 10" cm 2 andn=6x 10" cm—3.T, K: 1 — 80,2 —
FIG. 3. Spectral characteristics opaPh, o35, o/Seh-PbSe heterojunction 7155 3 _ 105

prepared at condensation temperatufgs °C: 1 — 300,2 — 350,3 —
400.T=80 K.

in appreciable quantities on the metallurgical boundary of

variable-gap structuresT{>350 °Q, in which the character the heterojunction. The content of this oxygen is correlated
of the spectral distribution reflects the characteristics of thénainly with the conditions of surface treatment of the solid-
materials in the region of the metallurgical boundary. Thesolution crystals prior to film deposition, and with the correct
properties of devices of the first type will be examined be-combination of conditions of chemical-dynamical polishing,
low. accurate maintenance of the concentrations of the etchant

In contrast to an idealized unilateral junction, a heteroingredients and, especially, strict control of the pH of the
junction possesses fundamental features associated with teelution, the amount of surface oxygen can be reduced to a
effect of the metallurgical interface of the components of thdevel determined by contaminations from the residual gases.
heterojunction on the distribution of the contact electricAt P=5X10"" Torr oxygen is essentially not detected at the
fields and recombination processes and, correspondingly, gnetallurgical boundary. Thus, in the epitaxial technology
the electrical and photoelectric properties. This influence i$mployed to prepare the heterojunctions, it is possible to
due to the surface charges due to different surface imperfe@chieve a combination of process parameters, for which the
tions near the metallurgical boundary of the heterojunctiordensity of the surface states at the interface of the compo-
— misfit dislocations, contamination with foreign impurities nents of the heterojunction is determined by the magnitude
— and variations in the electrical properties of the bound-Of the mismatch of the lattice parameters. For the sharp
aries as a result of the presence of oxide dielectric phaseBly.o35Mn.0/5€/PbSe HJs studied, the density of states associ-
Evidently, the degree of influence of these factors dependated with the mismatch of the lattice parameters equals
on the structural features of the components of the heterddx 10'° cm™2, i.e., a value at which the heterojunction can
junction and the level of the surface technology. be regarded as ide#.This conclusion is confirmed by the

The main types of technological contaminants in the hetresults of an investigation of the electrical properties of the
erojunctions which we studied were found by analyzing theheterojunction.
Auger spectra of PbSe films systematically etched off in ~ Sharp anisotypic heterojunctions with current carrier
steps(by Ar ion beam$down to the metallurgical boundary, density n=(0.5-5.0<10'® cm™3 in the fim and
as well as near-contact regions of the solid solution. Ordi#=(0.3—3.0)<10'" cm™? in the substrate exhibit rectifying
narily, carbon and oxygen atoms are found in lead selenidgroperties, and at higher hole densities in the substrate the
films and at the metallurgical boundary of the heterojunctioncurrent-voltage characteristics are linear. The straight
Carbon is distributed uniformly over the thickness of the filmbranches of the nonlinear 1-V characteristics contain two
and is absent in the crystal of the solid solution. The carborgxponential sectiong=ig. 4). Both sections remain when the
concentration depends on the pressure of the residual gas@easurement temperature is increased from 80 to 125 K. In
in the evaporation chamber and can be decreased to tfiee presence of low direct biases, the total current through
level of sensitivity of the method of determination at the junction is limited by carrier recombination at the inter-
P=5x10"7 Torr and lower. The appearance of oxygen inface and the straight branch of the 1-V characteristic is de-
the film is also associated with the effect of the residualscribed by the relation
gases in the evaporation chamber. However, in contrast to _

LN . . d(Vpn—BV)

carbon, oxygen is distributed nonuniformly over the thick- I=qsoNp exp{ - T]
ness of the film. A high oxygen content on the outer surface,
which is in contact with the atmosphere, is observed for allwheres is the recombination rate at the interfakh, is the
films. At the same time, in some samples, oxygen is preserdonor density in the wide-gap materidly is the contact
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p-Phy 955N o;Seh-PbSe, obtained under conditions when
the diffusion broadening of the metallurgical interface can be
ignored. For the heterojunction which we studied, the current
carrier densities in the base regions of the solid-solution
crystal and the epitaxial lead selenide filp=2.3x 10’
cm 2 and n=6.6x10 cm 3, respectively, were deter-
mined from Hall effect measurements. The equilibrium dif-
fusion potentialVp=0.059 eV and the partial potentials are
Vpp=0.040 eV andVp,=0.013 eV. The conduction and
I 4ty valence band offsets arkE.=0.059 eV andAE,=0.118
I eV. All data for the band diagram are presented for 80 K.
an 7 Investigations of the saturation photo-emf in heterojunc-
tions made it possible to determine the current carrier density
in the base region of the constituent lead selenide film of the
heterojunction. After the saturation photo-emf is determined
FIG. 5. Diagram of the energy bands of the anisotypic eXperimenta"y. in the Iong—\_/vavel_ength pe_xrt pf the spectrum
p-Phy .St 0:Seh-PbSe heterojunction wittp=2.3x 107 cm 2 and n (for.the.heterOJunctmn_ stu.d|ed this guanuty is 40 Mmethe
=6.6X 10" cm 2. T=80 K. equilibrium band bending in the region of PbSe and the elec-
tron density in the film can be easily calculated. It turns out
to be 6.6<10' cm 3. This value agrees well with the elec-
potential difference across thetype region, and3=1/3;. tron q§nsity in the lead selenjde film, grown under the same
At 80 K B,=2-3 and increases with temperature. conditions on a(111) BaF, dielectric substrate —n=6.9

7 ~m—3 ; ;
At high direct biases the current flow is determined by>_<101 cm °. The satisfactory agreement between the densi-
tunneling and is described by the formula ties shows that estimation of the current carrier densities in

the film of the heterojunction from Hall effect measurements

n- Pbse p' P‘ba.” snawse

I=1o exp(CV), in control samples — PbSe films ¢h11) BaF, substrates —
whereC=1/8,: hereB,=10 and is independent of tempera- 1 & correct procedure.
ture (Fig. 4).

The reverse branches of the |-V characteristic are de- _ _
scribed by a power-law dependence. Calculations show that_®: J[' Keyes,Optical and '”frare% DetectorsSpringer-Verlag, N. Y.,
. . . 1977[Russian trans., Moscow, 19B5
the d|r_ect_ currents  are mode_led satlsfagtorlly by @zr  sizov, zarubezh. Iekiron. Tekhn24, 31 (1977
recombination-tunneling mechanism at the interfdce 3H. Preier, Infrared Physl8, 43 (1978.
thermal-emission current flows in the wide-gap material and“\é-h PI- Slomagov arr:id A V. Noaloselovﬂ,-T-xQI;hase Diagrams of Metal
; : _ : alcogen Systenyg Russiar), Moscow, 1987.
a tunpelmg current flows in the narrow-gap material. Th_esG A. Kalyuzhnaya and K. V. Kiseleva, Tr. FIAN77, 5 (1987.
magnitudes of the currents are determined by current carriefg, nimtz and B. Schiiht, Springer Tracts in Mod. Phg. (1983.
recombination at the interface. ’T. C. Harman and I. Mendailis, Sol. St. Séi.1 (1974.
Investigations of the electrical and photoelectric proper- zA- LOPeZ'O_IEGTO' Th('jn Solid F'Lm§9éi (1973-kh "
ties of heterojunctiond—V characteristics, saturation photo- (Tl'g%Ga"” ova and V. A. Zykov, fekton. Tekhn. Materialy, No. 7, 35
emf), supplemented by measurements of the electric and opeg. retsameter, W. Harman, and H. Lane, Krist. Tet%. 497 (1978.
tic properties of crystals and films, yield the information **A. Milnes and D. FeuchtHeterojunctions and Metal-Semiconductor
required to construct diagrams of the energy bands of Junctions Academic Press, N. Y., 197[Russian trans., Mir, Moscow,
heterojunctions. Figure 5 shows a diagram of the energy

bands of a typical sharp anisotypic heterojunctionTranslated by M. E. Alferieff
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Excitonic electroluminescence of 6 H-SIC p—n structures obtained by sublimation
epitaxy
A. A. Lebedev and N. K. Poletaev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia

M. Z. doKarmo

Aveiro University, Aveiro, Portugal
(Submitted January 30, 1997; accepted for publication April 22, 1997
Fiz. Tekh. Poluprovodr3l, 1347-1349November 199y

The electroluminescence spectra ¢145iC p—n structures obtained by sublimation epitaxy have
been investigated. It has been found that the intensity of the excitonic band increases

rapidly with increasing direct current density, and that this band dominates the emission spectrum
of the diode at high direct-current densities and elevated temperatures. Investigation of the

shift of the maximum of this band with increasing temperature shows that this band is most likely
due to the recombination of a free exciton. 197 American Institute of Physics.
[S1063-782@7)01511-1

1. INTRODUCTION of the center—EL activator~0.27 eV) is much lower in

Despite the publication of many papers on the edge phot_his case. As a result, the temperature quenching of_ EL is
toluminescence and electroluminescefice, radiation with ~ Substantial even &t=300 K. However, the spectral position
photon energy close to the band yag 6H-SiC1~® many of the EL due to the aluminum impurity is much closer to the
questions concering the nature of the observed radiatiof¥citonic peak and the EL can interfere with observations
still have not been answered definitively. For example, it€V€n at low intensity. For this reason, from our point of
remains unclear whether the edge radiation is due to the aii€W, it was important to investigate the excitonic ELpan
nihilation of a free or bound excitghMoreover, investiga- Structures obtained by SE and having a low density of back-

tions of the short-wavelength part of the emission spectrun@round acceptor levels.
of 6H-SiC p—n structures yield important information about
the band structure of silicon carbide. 3. SAMPLES

In our study we investigatedHs-SiC p—n structures ob- h . . hich . . d ; d
tained by sublimation epitax¢SE) in an open systerh.On € p—n junctions which are |nves_t|geite Were lforme
n the (000 Si face of single-crystalline@™ substrates of

the one hand, such structures are widely used for fabricating1 o X

different SiC-based semiconductor deviteand, on the e 64 polytype of silicon carbide. A'(p'tYpe) and N (
other, their excitonic electroluminescen@.) radiation has n-type) seryed as dopants. Thetype epitaxial layers were
never been studied in detail. 1-2 um thick and then-type layers were 5—1@m thick.

The area of the p—n structures was equal to
~2.5x10 % cn?. To decrease the background concentration
of deep acceptor levels in thretype layer, prior to epitaxy

The excitonic band in B-SIC was previously investi- the growth cell was subjected to prolonged vacuum anneal-
gated mainly by photoluminescence and at low temperatureing at temperatures 2000 °C.
T<300 K.2% This method of investigations was attributable
to the fact that wide bands, due to carrier recomblnatlc.mA' EXPERIMENT
against a background of deep acceptor levels and superim-
posed on the excitonic emission, dominate the EL spectrum DLTS measurements showed that the densitieis arid
of 6H-SIC p—n structures. In the case gf—n structures D centers in the experiment@l—n structures was two to
prepared by SE, at room temperature the maximum of théhree times lower than in the samples studied in Refs. 7 and
radiation falls in the yellow-green region of the spectrum.8. Correspondingly, the intensity of the yellow-green band
This radiation is due mainly to carrier recombinationCat was low and the excitonic electroluminescence could be ob-
centers E,+0.58 eV), whose presence is due to uncontrol-served at currents 103 A (Fig. 1). The spectral position of
lable boron-doping of epitaxial layers grown by this the excitonic bandX,»,=425+1 nm) agreed well with the
method® (The boron impurity is contained in the graphite data obtained by other authors for both photoluminescence
fixtures used for growth. and electroluminescence spectra. The intensity of the exci-
In p—n structures obtained by liquid and containerlesstonic peak increased with current more rapidly than that of
liquid epitaxy; the D-center densities are several orders ofany other part of the EL spectru(fig. 2). A more detailed
magnitude lower, but in such structures thype base, as a analysis showed that the intensity, of the excitonic line
rule, has a background aluminum density, which gives radiaincreased with the current asl.=J", wheren=2*0.2.
tion in the blue region of the spectrum. The ionization energyThe intensity of the excitonic band increased especially rap-

2. PRELIMINARY REMARKS
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raised, the position of the maximum of the excitonic EL

FIG. 1. Edge electroluminescence spectrunpef structures at room tem-  ghifted into the long-wavelength regidRig. 4).
peratureJ=30 mA.

5. DISCUSSION

idly at low currents]=(1-6)x10 2 A. This could be due There are seyeral papers devoted to determining the
to an increase in the hole diffusion length with increasingband gap in 61-SiC and its temper_ature dependence. T_he
injection level results of the three best—known studies are pre_sented in Fig. 4
As the sample temperature and the direct current in-(R(?fS' 12-14 The figure also shows experimental data,
creased, the excitonic peak became dominant in the emissidlj1ic were obtained by us, on the temperature dependence
spectrum of the diodéFig. 3). This occurred for the follow- © th? maximum of the excitonic EL. As one can see from
ing reasons: Lmore rapid growth ofl,, with J than any t.he figure, even at room temperature the experimental data
other EL bands; Rincrease of the hole diffusion length with lie above the curve obtained in Ref. 12, and at 650 K they
temperaturé! and 3 temperature quenching of all EL bands
except the excitonic band. At 650 K the intensity of excitonic

band exhibited the same dependence on the direct current I+
density withn=2 as previously. As the temperature was N
5
ﬂ 10 -
A =
£
/] a >} 1
s =
<] * -
SN . ¢ s 'Ai
20 * ¢ Sast
g‘ A [ hnad N 2
4 - *
-?l 1 .
3 [ ] -
8 2 2
" N . 28
r..
ml L] B 3
1 | 1 i 1 1 1 1 1
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£l L3 11 eaetd T.X
0.0a1 0.01 0.1 '
‘7’ A FIG. 4. Temperature dependence of the bandBam 6H-SiC according

to data from different studiest—Ref. 13,2—Ref. 14, 3—Ref. 12.4—
FIG. 2. Electroluminescence band intensities versus direct current: yellowexperimental temperature dependence of the position of the excitonic elec-
green band at 300 K1); excitonic band at 300 K2) and 650 K(3). troluminescence maximura,;, .
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agree with the band gap obtained in Ref. 14. In our opinion,*E. E. Violin and G. F. Kholuyanov, Fiz. Tverd. Telaeningrad 6, 593
the experimental data obtained in the present work agreg(1964 [Sov. Phys. Solid Stat6, 465(1964).
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creasing temperature than the band %p |.e:, th_ere exists 5M. M. Anikin, A. M. Strel’chuk, A. L. Syrkin, V. E. Chelnokov, and A. E.
a temperature dependerﬁg— hvae=—KT which is charac- Cherenkov, Fiz. Tekh. Poluprovod28, 284 (1994 [Semiconductorgs,
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Passivation of GaAs in alcohol solutions of ammonium sulfide
V. N. Bessolov, E. V. Konenkova, and M. V. Lebedev
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The chemical composition and position of the surface Fermi leval iand p-type GaAs(100

under conditions of passivation in alcohol solutions of ammonium sulfide were studied by

x-ray photoelectron and Raman spectroscopies. It is shown that sulfidizing GaAs decreases the
amount of oxides on the surface, forms a sulfide coating on the surface, and decreases

the surface barrier; in-GaAs the surface Fermi level shifts in the direction of the conduction
band and inp-GaAs it shifts in the direction of the valence band. It was established that

as the permittivity of the sulfide solution decreases, the rate constant of the reaction, which leads
to the formation of sulfides on the surface, and the magnitude of the shift of the surface

Fermi level increase. The shift equals 0.53 eVhiGaAs and 0.27 eV ip-GaAs in the case of
passivation in a solution of ammonium sulfide in tret-butanol. A model explaining these
experimental results on the basis of the reactivity of the sulfide ion in solution is proposed.

© 1997 American Institute of PhysidsS1063-78207)01711-0

1. INTRODUCTION photoluminescence of both- and p-GaAs can be greatly
increased by using as solvents alcohols whose permittivity is

One of the main problems holding back the developmenfower than that of waterfor example, isopropanol, tret-

of semiconductor electronics based on GaAs and other Ill-\butanol, and so 9P~

compounds is the presence of a natural oxide layer, which We will investigate the atomic structutehemical com-

results in a high density of surface states and pinning of th@osition) and electronic properties of a GaAs00) surface

Fermi level near the center of the band gap. In this connedjposition of the surface Fermi leyesulfidized in different

tion, there has appeared in recent years an avenue of reseaalhohol solutions of ammonium sulfide.

on surface passivation whose goal is to decrease the density

of surface states in the band gap and, ideally, to remove such
states completely. 2. EXPERIMENTAL PROCEDURE

Intensive development of sulfide paSSivation started with The chemical Composition of the GaAs surface was stud-

the work of Sandroffet al.,l where it was shown that treat- ied by X-ray photoe|ectr0n Spectroscwpg_ The photo-
ment of GaAs/AlGaAs bipolar transistors in a water SO'UtiOﬂe|ectr0n spectra were measured with a Perkin—Elmer PHI

of sodium sulfide improves the transistor characteristics ands400  spectrometer, using 300-W Mg  x-rays
moreover, sulfide passivation initiated investigations of the hy=1253.6 eV). The structures were placed in a vacuum
interaction of sulfur with GaAs and other llI-V semiconduc- chamber no later than 10 min after sulfidization was com-
tor surfaces in solutions and in the gas phase. Sulfur passpieted. The spectra were decomposed using a standard
vation results in the removal of the natural oxide layer fromperkin—Elmer computer program.
the surface and formation of a thin sulfide coating on the  To determine the position of the surface Fermi level, the
surface. These chemical processes appreciably decrease Hifface barrier of the semiconductor was studied by Raman
surface nonradiative recombination rate, which is manifestedpectroscopy. The Raman spectra were recorded at room
as a strong increase in the edge photoluminescence of sukmperature in the range from 200 to 400 ¢rwith a Dilor
fidized GaAs. XY spectrometer equipped with a CCD camera for multi-
Investigations of the electronic properties of GaAs sur-channel detection and an optical microscope, which made it
faces showed that the surface Fermi levgtd) can shiftin  possible to focus a laser beam into auin in diameter
the direction of the conduction bahd and in the direction  spot™2 Excitation was performed with the=457.9-nm line
of the valence barfdin the case of sulfidization in water of a Ar* laser(the penetration depth of the radiation in GaAs
solutiong*® or from the gas phas¥ Later investigations of was equal to 50.3 niRef. 14); the laser power was equal to
GaAs surfaces sulfidized in water solutions showed that su2.5 mW. In accordance with the selection rutesnly opti-
fidization changes very little the position of the Fermi level cal LO phonons should be observed in the spectra. The spec-
at the surfacé?® tra were recorded in air.
Passivation of a GaAs surface in alcohol sulfide solu-  The objects of investigation were GaAs:TH0) wafers
tions is a highly promising technology for modifying surface with electron densityn=1x 10" cm 2 and GaAs:Zn wafers
properties. It has been shown that the intensity of the edgeith hole densityp=2x 10'® cm™3.
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Before sulfidization, the plates were treated in HCI at
room temperature for 100 s. Sulfidization was performed for
15 min at room temperature. Ammonium sulfide solutions a
[(NH,),S (20%)] in different alcohols with permittivitye
were used® methanol (CHOH), £=33.0; ethanol
(C,Hs0OH), £=25.3; isopropanol itC3H,0OH), £=20.18;
and, tret-butanol t¢t C4H4OH), £=12.47. The volume con-
tent of ammonium sulfid¢(NH,),S (20%)] in the alcohol
solutions was equal to 10%. For this reason, the effective
permittivity £* of the solution was determined as
g*=0.1e44¢10.98 4. For comparison, sulfidization was
also performed in purf(NH,),S (20%)], which is a solution b
of ammonium sulfide in wate(H,O, £¢=80.1). To remove
the sulfide solution, the sample was placed into a centrifuge
and rotated in air at a speed of 1000 rpm.

As® As-Ga

3. RESULTS

3.1. Chemical composition of a sulfidized surface

The chemical composition of a surface sulfidized in pure
ammonium sulfid€i.e., in a water solutionand in alcohol
solutions of ammonium sulfidéin isopropanol and tret-
butano) was investigated by XRPS. {

The panoramic x-ray photoelectron spectra of all sur- ,'
faces contain Ga, As, C, and O peaks, and the spectra of !
sulfidized surfaces also contaia S peak. Sulfidization
greatly diminishes the intensity of the C and O peaks. Non- 77,
sulfidized surfaces and surfaces sulfidized in a water solution am
were enriched with gallium, while surfaces sulfidized in al- T_-——ﬁ iy
cohol solutions were virtually stoichiometric. d \

It is evident from the decomposition of the AbPeaks ]
of the investigated surfaces that a peak due to elemental ar- /
senic A$ (binding energy about 41.55 ¢¥nd a peak due to /
arsenic oxidegelectron binding energy 43.6 ¢\dre present
together with a component due to As—Ga bortekectron \
binding energy 40.8 eMn the spectrum of the nonsulfidized ,%\ \ A\

b

(9]
.

Intensity , ard. units
I

3\
N
Vd

surface(Fig. 1a. An additional peak with electron binding b e - e

energy~42.6 eV appears in the spectra after sulfidization. 48 46 44 42 40 3
This peak is apparently due to the formation of arsenic sul- Binding energy, eV
fides(Fig. 1b—d.
Sulfidization in all solutions greatly diminishes the FIG. 1. As3l photoelectron spectra of four different Ga&00) surfaces

. . . . re-etched in HCl and washed in deionized water: a—Nonsulfidized surface;
amount of arsenic oxides and elemental arsenic. The mterﬁ-

) . e . —sulfidized in a water solution of ammonium sulfifi&H,),S (20%)];
sity of the peak due to sulfides is different for different sol- c—sulfidized in d(NH,),S (20%9] solution in isopropanol (§4,0H); d—
vents: The highest intensity is obtained with sulfidization in asulfidized in a[(NH,),S (20%9] solution in tret-butanol ¢ C;HyOH).
tret-butanol solution. The thickness of the sulfide coating on

different surfaces ranges from 0.47 monolay@is.) (in the
case of sulfidization in ammonium sulfidep to 0.7 ML

(sulfidization in a solution based on tret-butgnol

peak is due to scattering of free carriers by a paired phonon-
The sulfidization reaction rate constant, i.e., the thick-pl&lsmon r_nlode n the volume of thg semiconductor. Tte
. ) . L (291.3 cm ) peak is associated with the depleted layer on
ness of the sulfide coating formed per unit time, divided by . -
o . ; . the semiconductor surface. In nonsulfidize&GaAs theLO
the sulfur concentration in the solution, increases with de- : . . - .
creasing permittivity of the solution pegk is two tlm(_es. more intense than the peak(Fig. 23,
' while in nonsulfidizedp-GaAs theL™ andLO peaks have
virtually the same intensityFig. 33.
Sulfidization of semiconductors in different solutions
The penetration depth of A =457.9 nm laser radiation changes the ratio of the volunhe and surfacd.O peaks in
in a semiconductor is much greater than the deptif the  bothn-GaAs(Fig. 48 andp-GaAs(Fig. 4b), attesting to the
depleted region in both-GaAS (6,=33.6 nm) andb-GaAs  change in the surface barrier. This effect is small in the case
(6,=19.0 nm). For this reason, two peaks are clearly seenf sulfidization in a water solution. The ratio of th® and
in the Raman spectri@igs. 2 and R TheL ™ (268.6 cm?) L™ peak intensities decreases with the permittivity of the

3.2. Electronic properties of a sulfidized surface
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FIG. 2. Raman spectra of-GaAs with Np=1x 10 cm~2 nonsulfidized
(a) and sulfidized in 4(NH,),S (20%)] solution in tret-butanolb).

solvent. In the case of sulfidization in a solution based o

tret-butanol(which has the lowest permittivity of all solu-
tions employed in this wopk the LO peak becomes much
smaller than theL™ peak in bothn-GaAs (Fig. 2b and
p-GaAs(Fig. 3b).

The depthés of the depleted region in the sulfidized
samples was calculated from the intensity raioO)/I (L ™)
of the peaks in accordance with Ref. 17

I(LO) 1o(LO) (1-e ?7P)
I(LT) 1o(L7) e 2

oY)
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Raman shift, cm™’

FIG. 3. Raman spectra ptGaAs withN,=2x 10'® cm™2 nonsulfidizeda)
and sulfidized in 4(NH,),S (20%)] solution in tret-butano(b).

Calculations were performed for carrier densities in the

semiconductoMp=1x10"* cm™® and Ny=2x10" cm™®

and the barrier height in nonsulfidized GaAs was assumed to
beV,=0.78 eV(Ref. 18 for n-GaAs andvV,=0.5 eV (Ref.
19) for p-GaAs. Passivation decreases the surface barrier
heightV, and depths of the depleted region in botirGaAs
andp-GaAs(see Table)l The lowest values were obtained
for surfaces sulfidized in a tret-butanol solution:
V¢=0.25 eV and6=19.9 nm inn-GaAs andV,=0.23 eV
and 6=13.3 nm inp-GaAs.

Sulfidization of GaAs in alcohol solutions shifts the sur-
face Fermi level relative to its initial positiofFig. 5. In
n-GaAs the Fermi level shifts in the direction of the conduc-

where D is the penetration depth of the laser radiation intion hand and inp-GaAs it shifts in the direction of the

GaAs,|((LO) is the intensity of the.O-phonon peak in the

valence band of the semiconductor. The magnitude of this

nondoped semiconductor, ang(L ") is the intensity of the  ghift increases im-GaAs andp-GaAs with decreasing per-
L~ peak in the absence of a depleted region. The ratignitivity of the passivating solution.
[o(LO)/1o(L™) was determined from the Raman spectrum

of nonsulfidized semiconductors similarly to Ref. 2.
The surface barrier heights was calculated from the
formula

)

wheree is the electron charg®p,) is the donoracceptor
density in GaAs,gq is the permittivity of free space, and
es=13.1 is the static permittivity of GaAs.

VS: eND(A)52/2€OSS,
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4. MODELS

The experimentally observed dependence of the position
of the surface Fermi leveErs on the permittivity of the
solution can be explained as follows. As is well knot¥n,
both donor and acceptor states are present in the band gap on
the oxidized GaAs surface, andiirGaAs the Fermi level is
pinned on an acceptor state andpfGaAs it is pinned on a

Bessolov et al. 1166
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~ >
2
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IV S VO U S R S N S S S whereQg andQ; are the charges of the surface atom of the
000 01 om , /ff" aos 005 08 gemjiconductor and sulfide ion, respectivedyis the permit-

tivity of the medium,R is the distance between the reacting
FIG. 4. Ratio of the LO and L~ peak intensities forn-GaAs at*or-ns,,u is the Q|pole moment of t.he semiconductor sgrface,
(Np=1x 10 cm 3 (a) andp-GaAs (Ny=2x 10 cm™3) (b) sulfidized in R* is the effective length of the dipole, andc; are orbital
different solutions versus the effective permittivity of the solution em- coefficients, 8 is the interaction integral, an&,ono and
ployed. E_umo are the HOMO and LUMO energidthe subscripts
ands refer to the ion and surfage

The first and second terms on the right-hand side of Eqg.
donor state. Correspondingly, when a covalent bond i¢3) are due to the Coulomb interaction between the sulfide
formed between an adatom and the surface, in the case @fns in solution and the surface atoms of the semiconductor
n-GaAs the surface will strive to accept electrons and in theand (or) the dipole layer on its surface. The third term de-
case ofp-GaAs it will strive to give up electrons.

If the surface states are represented as molecular orbitals
(similar to the molecular orbitals of the sulfide joithen in a
the case of sulfidization afi-GaAs in solution(Fig. 68 an LuMo
interaction will occur between the lowe@h energy unoc- ————/] Lo — |
cupied orbital(LUMO) of the GaAs surface and the highest —p E
occupied molecular orbitdHOMO) of the sulfide ion. As a

. . . HOMO
result of this interaction, there arises a GaAs—S complex, HOMO
whose HOMO energy is less than that of the nonsulfidized n-GaAs Sulfur ion n-GaAs-§
TABLE I. Depth § of the depleted region and heighty of the surface
barrier of GaAs sulfidized under different conditions. b
n-GaAs -GaAs Lumo
P LUMO
Solution S, nm Vs, eV S, nm Vg, eV -
AdE
(NH,),S+H,0 33.1 0.76 18.6 0.48 —
(NH,),S+CH,OH 30.2 0.63 16.6 0.38 p-SaAs Hamo  HOMO p-GaAs-S$
(NH,),S+C,H:OH 25.8 0.46 15.3 0.32 Sulfur ion
(NH,),S+i — C5H;0H 235 0.38 13.4 0.25
(NH,),S+t—C4H,OH 19.9 0.25 13.3 0.23 FIG. 6. Schematic diagram of the interaction between the molecular orbitals
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of the sulfide ion and the surface statemeGaAs(a) and p-GaAs (b).
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scribes the energy gain due to the formation of a covalenfrom the model proposed above, is in agreement with the
bond between the sulfur atoni®ns) and the surface atoms results of molecular-orbital calculations of the electronic
of the semiconductor. properties of a GaAq100 surface covered with sulfur

A decrease in the HOMO energy of the semiconductoradatoms! This also means that sulfide passivation increases
surface correspondingly results in a decrease of the barthe surface band gap, in agreement with pseudopotential cal-
bending at the surface and therefore a shift of the Fermi levatulations of the properties of such a surfa¢&*We note that
in the direction of the conduction band. It is evident from Eq.in order to understand the effect of a solvent on the position
(3) that the shift of the HOMO energy of theGaAs surface of the surface Fermi level, the change in the reactivity of the
and therefore the surface Fermi level as a result of adsorptiosulfide ion in different solutions must be taken into account.
of a sulfide ion should be proportional toeldf the solution, The following experimental results support the model
as is in fact observed experimentallyig. 5. assumption that the effectiveness of sulfide passivation of a

Conversely, sulfidization gb-GaAs(Fig. 6b will result ~ GaAs surface is linked with the reactivity of the passivating
in an interaction between the HOMO of the semiconductorisulfur atom(ion). First, the intensity of the edge photolumi-
surface and the LUMO of the sulfide ion. Such an interactiomescence of sulfidized GaAs increases as the logarithm of the
likewise lowers the energy of the HOMO of the semiconduc-rate constant of the reaction leading to the formation of sul-
tor surface by an amounAE and, correspondingly, de- fides on the surfacé(the reactivity of the sulfur atom or ion
creases the band bending at the surface and results in a shifith respect to the GaAs surfaceSecond, the sulfidized
of the Fermi level but this time in the direction of the valence GaAs surface is anneal@d;? which results in a restructuring
band. Just as in the case wfGaAs, whenp-GaAs is sul- of the As—S bonds into thermodynamically more stable
fidized, the shift of the surface Fermi level should be propor-Ga-S bonds and is accompanied by a shift of the Fermi level
tional to 1£ of the solution, as is also observed experimen-by an amount approximately equal to the energy gain due to
tally (Fig. 5). this restructuring.

The following assumption can be made from Eg): We note that the dependence of the position of the sur-
The maximum shift of the Fermi leveiminimum surface face Fermi level on the permittivity of the solution is much
recombination rajeshould be obtained when sulfur atoms stronger fom-GaAs thanp-GaAs. This is apparently due to
(and/or iong with the highest reactivity are used for passiva-the difference in the dipole moments for and p-GaAs.
tion. To obtain the maximum energy gal\E, not only can
the permittivity of the solution be decreased but the thirdg concLusiONS
term in Eqg.(3) can be increased by using in the passivation ] N -
process other sulfides characterized by a higher heat of for- 1he chemical composition and position of the surface
mation of S—GaAs bond&@nd therefore a higher rate of the Fermi level inn- and p-GaAs(100) in the case of passiva-
reaction leading to the formation of sulfides on the semiconfion in alcohol solutions of ammonium sulfide were studied

ductor surface by x-ray photoglgctrpn and Raman spectroscopies.. It was
shown that sulfidization decreases the amount of oxides on
5 DISCUSSION the surface and results in the formation on the surface of a

L ) - sulfide coating which consists mainly of arsenic sulfides. The
In the case of sulfidization in solutions, the position of 416 constant of the reaction leading to the formation of sul-
the Fermi level on the GaAs surface depends on the permitijes on the surface increases with decreasing permittivity of
tivity of the solution: Ase decreases, the shift of the surface yhe sulfide solution employed. It was determined that sul-
Fermi level with respect to its initial position in a nonsul- figization of a GaAs surface lowers the surface barrier. In
fidized semiconductor increases. On the other hand,d& 1 GaAs the surface Fermi level shifts in the direction of the
creases, the rate of the reaction leading to the formation of gynquction band and ip-GaAs it shifts in the direction of
sulfide coating, i.e., the reactivity of the sulfide ion with {ha valence band. The magnitude of this shift in bottand
respect to the GaAs surface, increases. Therefore, the mafl:Gaas increases with decreasing permittivity of the sulfide

mum shift of the surface Fermi level in bothGaAs and  gq|ytion employed. In the case of sulfidization of ammonium
p-GaAs is obtained by using sulfide ions with the highestgfige solutions in tret-butanol, the Fermi level shifted by

reactivity, i.e., with the maximumE of the reaction leading (53 eV inn-GaAs and 0.27 eV ip-GaAs. A model ex-

to the formation of S—GaAs covalent bonds. ~ plaining these experimental results on the basis of the reac-
Sulfidization of the surface ofi-GaAs andp-GaAs in ity of the sulfide ion in solution was proposed.

alcohol solutions lowers the surface barriers by a larger

amount than sulfidization in water solutions and therefore  This work was supported in part by the Russian Fund for
gives more effective surface passivation. These results are Fundamental ResearcfGrant No. 95-03-09330and the
good agreement with the increase in the photoluminescendéolkswagen—Stiftung FoundatiaiGermany.
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LOW-DIMENSIONAL SYSTEMS

Heating of a two-dimensional electron gas by the electric field of a surface acoustic
wave

I. L. Drichko, A. M. D’yakonov, V. D. Kagan, A. M. Kreshchuk, T. A. Polyanskaya,
I. G. Savel'ev, I. Yu. Smirnov, and A. V. Suslov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted May 16, 1997; accepted for publication June 20, 1997
Fiz. Tekh. Poluprovodr3l, 1357—1366November 199y

The heating of a two-dimensional electron gas by an rf electric field generated by a surface
acoustic wave, which can be described by an electron tempefBtureas been investigated. It is
shown that the energy balance of the electron gas is determined by electron scattering by
the piezoelectric potential of the acoustic phonons Withdetermined from measurements at
frequencied =30 and 150 MHz. The experimental curves of the energy @s&rsus

T, at different SAW frequencies depend on the valuevaf, compared to 1, where, is the
relaxation time of the average electron energy. Theoretical calculations of the heating of

a two-dimensional electron gas by the electric field of the surface acoustic wave are presented
for the case of thermal electronAT<T). The calculations show that for the same

energy losse® the degree of heating of the two-dimensional electrimes, the ratioT./T) for
wTe>1 (f=150 MHz) is less than fow 7.<1 (f =30 MHz). Experimental results

confirming this calculation are presented. 1®97 American Institute of Physics.
[S1063-782307)02011-5

1. INTRODUCTION the magnetic field range corresponding to small integer fill-
ing numbers—the quantum Hall effect regime, when the
The investigation of nonlinegwith respect to the input two-dimensional electrons are localized. The authors ex-
powel) effects in the absorption of piezoelectrically active plained the data which they obtained by heating of a 2DEG.
ultrasonic waves, arising due to the interaction of the waves In the present paper we report some of our investigations
with three-dimensional electron gdm the case of Boltz- concerning nonlinear effects accompanying the interaction of
mann statistics has shown that the mechanisms of the non-delocalized two-dimensional electrons with the electric field
linearity depend on the state of the electrons. If electrons aref a SAW for the purpose of investigating nonlinearity
free (delocalized, then the nonlinearity mechanism for mod- mechanisms.
erately high sound intensities is usually due to the heating of
the electrons in the electric field of an ultrasonic wave. The
character of the heating depends on the quaatity, where
w is the sound frequency, ang. is the energy relaxation 2 EXPERIMENTAL PROCEDURE
timel? If the electrons are localized, then the nonlinearity
mechanism is due to the character of the localizatmman We investigated the absorption coefficient for a 30—-210
individual impurity or in the wells of a fluctuation potential MHz SAW in a two-dimensional electron gas in
In Ref. 3, it was shown that in the case where the electron&aAs/Al 7:Ga »sAs heterostructures as a function of the
are localized on individual impurities, the nonlinearity wastemperature in the range=1.4—4.2 K in the linear regime
determined by impurity breakdown in the electric field of the (the input power did not exceed 10W) and the SAW
sound wave. When the electrons occupied the conductiopower atT=1.5 K in magnetic fields up to 30 kOe. Samples
band as a result of this effect, their temperature started tstudied previously in Ref. 7  with Hall
grow as a result of heating in the electric field of the wAve. density nSH= 6.7x10" cm 2 and mobility uy=1.28
The study of structures with a two-dimensional electronx 10° cn?/(V-s) at T=4.2 K were used for the investiga-
gas(2DEG) opens up a unique possibility of studying in one tions. The technology used to fabricate the heterostructures is
series of measurements performed on the same sample tbescribed in Ref. 8 and the procedure for performing the
mechanisms of nonlinearity in delocalized and localizedsound absorption experiment is described in Ref. 7. Here we
electron states, since under quantum Hall effect conditionsnly note that the experimental structure with 2DEG was
both states are realized by varying the magnetic field. Théocated on the surface of the piezodielectfithium niobate
change in the absorption coefficient for a piezoelectricallyLiNbOs), along which the SAW propagates. The SAW was
active surface acoustic wavéSAW) interactimg with a excited in a pulsed regime by sending radio pulses with fill-
2DEG as a function of the SAW intensity in GaAs/AlGaAs ing frequency 30—-210 MHz from an rf oscillator into the
structures was previously observed in Refs. 5 and 6 only irxcited interdigital transducer. The pulse duration was of the
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FIG. 2. AT =T 5 'min versus temperaturg in the linear regime at a
frequency of 150 MHz in a magnetic field, kOe: 1—17.5, 2—15.5,
3—14.1.

SAW power dependences bf shown in Figs. 2 and 3, were
extracted from the experimental curves of the same type as in
Fig. 1 for the corresponding frequencies in a magnetic field
H <25 kOe for large filling numberg=nhc/2eH>7.
Figure 2 shows the temperature dependence of the quan-
b - 70 o tity AI'=T"ox—'min measured in the linear regime at a fre-
Hy k0o guency of 150 MHz in different magnetic fields. Hdreg,,,
andTl',, are the values of on the upper and lower lines,
FIG. 1. Absorption coefficienl’ versus magnetic fieldd at frequency  \yhich envelop the oscillatory dependendé(H) for
=30 MHz at temperatured, K: a—4.2, b=38, c7e—1.5 and wave o5 k0e, Figure 3 showAl versusP—the power of the
power at the oscillator outplR, W: a—c—10">, d—10 %, e—10°. .
SAW (frequency 150 MHg at the oscillator output at
T=1.5 K. We see from Figs. 2 and 3 th&al’ decreases with
order of 1us and the pulse repetition frequency was equal tancreasing temperature and with increasing SAW power.
50 Hz. In the present paper the SAW power is the power in  In Ref. 7 it was shown that in the range of magnetic
a pulse. fields where the quantum Hall effect is still not obseryed
An ac electric field with the frequency of the SAW,
which accompanies the deformation wave, penetrates into a
channel containing two-dimensional electrons, giving rise tc
electrical currents and, correspondingly, Joule losses. As =
result of this interaction, energy is absorbed from the wave
The SAW absorption in a magnetic field is measured in the
experiment. Since the measured absorption is determined k
the conductivity of the 2DEG, quantization of the electronic

r,ds/om

|

12

10

spectrum, which leads to Shubnikov-de Haas oscillations §

gives rise to oscillations in the SAW potential as well. =6
S

3. EXPERIMENTAL RESULTS AND ANALYSIS 6

Curves of the absorption coefficiehtversus the mag-
netic field H are presented in Fig. 1 for different tempera- 44
tures and powers of the 30-MHz SAW. Similar curves were
also obtained for other SAW frequencies. The character o 2
the curvesI'(H) is analyzed in Ref. 7. The absorption Lol Lol L1
maxima I',,x as a function of the magnetic field for 0 L 0
H<25 kOe are equally spaced as a function ¢1,14nd the AW
Sp“ttmg of the maximd’(H) for H _>25_kOe into two peaks FIG. 3. AT'=T" 5 I'min versus the poweP at the oscillator output in the
with the values of"y at the maximd is due to the relax- jinear regime at a frequency of 150 MHz in a magnetic field kOe:
ational character of the absorption. The temperature and—17.5,2—15.5,3—14.1.
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our caseH <25 kOad the dissipative conductivities are where K? is the electromechanical coupling constant;
ac. dc v=3.5X10° cm/s andq are, respectively, the velocity and

Txx = Txxr wave number of sound in LiNbQ a is the width of the
where ¢ is the conductivity calculated from the measuredvacuum gap between the sample and the Liblp@te; e,
dc resistivitiesp,,(H) and p,,(H), and o2 is the conduc- €1, andeg are the permittivities of free space, LiNgCand
tivity found from the absorption coefficiedit(H) measured the semiconductor with the 2DEG, respectively; aitds the
in the linear regime. This result gave us the basis for assurnput SAW power scaled to the width of the sound track. The
ing that in this range of magnetic fields the electrons are in &unctionsb andc are
delocalized state. As we have already indicated in the intro-
duction, we shall analyze here nonlinearity only in this case.
In a previous work we showed that if the electrons are 1
delocalized, then the characteristics of the 2DEG, such as the  c= 7 {1+ bYeies —eieqexp—2qa)l},
carrier densityn,, the transport relaxation time, and the
quantun? relaxation time, can be determined from the mag-
netic field dependencesiy(H). In addition, the mobility
p=er/m and the concentrationg at H=0 are close to the e
values obtained from dc measurements: the Hall density and
mobility of the electrons, as well asg found from the  The magnitude of the electric losses is define@aso,,E2.
Shubnikov—-de Haas oscillations. For this reason, it was natuvultiplying both sides of Eq.(1) by o, we obtain
ral to assume thdf depends on the SAW power, just as in g 4wr", whereT is the absorption measured in the experi-
the static case, because of the heating of the 2DEG but in theent. The poweiw at the entrance to the sample is not
electric field of the SAW. The heating of the 2DEG in @ measured very accurately in acoustic measurements. The
static electric field in similar heterostructures was i”VGSti'problem is that this quantity is determined by, first, the qual-
gated in Refs. 11-15. In those papers it was shown that g of the interdigital transducers; second, by the losses asso-
liquid-helium temperatures the electron energy relaxationiated with the mismatch of the line that feeds electric power
processes are determined in a wide range of 2DEG densitigsio the transmitting transducer as well as the line that re-
by the piezoacoustic electron-phonon interaction undepoyes electrical power from the detecting transducer, where
small-angle scattering and weak screening conditions.  the |osses in the receiving and transmitting parts of the line
We shall employ, by analogy with Refs. 1114, the con-may not be the same; and, third, by absorption of the SAW
cept of the temperaturg, of two-dimensional electrons and i the susbtrate, whose absolute magnitude is difficult to
determine it by comparing the curves of the absorption comeasure in our experiment. The effect of these losses de-
efficientI” versus the SAW power with the curvesiofver-  creases with frequency, so that in determinitigat 30 MHz
sus the lattice temperatuie. Such a comparison makes it e assumed that both the conversion losses for the transmit-
possible to establish a correspondence between the tempefyy and receiving transducers as well as the losses in the
ture of the two-dimensional electrons and the output powefransmitting and receiving lines are identical. The total losses
of the oscillator. The values of, were extracted by tWo \yere found to beAP=16 dB, if SAW absorption in the
methods: 1by comparing the curves of the amplitude of the heterostructure substrate is ignored. If it is assumed that non-
0SCillationSAT =I'ma—I'rmin VErsus the temperatue (Fig. linear effects at 150 MHz start at the same valuﬁoehs at
2) and versus the powd? (Fig. 3) for the same value of the . . — .
magnetic fieldH; 2) by comparing curves of the ratios 39 MHZ’ then th_e threshold” value oQ at which the de-
T/ Tw=F(T) and T /Ty=F(P) versus the lattice tem- Viation omea)(Q)/FM at 30 MHz from a constant valug be-
peratureT and the poweP. Here the values of ,,,(T) and ~ comes appreciablgwe recall thatl’(H)/I'y ~ /o (H) in
T nax(P) Were also taken for the same valuetdf andly, is the region of delocallze(_j electronic states, it 25 kO€]
the absorption aH =28 kOe(Fig. 1). The use of the ratios €an be used to determine the tptal losses at 150 MHz: An
instead of the absolute valueslfiecreased the effect of the €stimate of the total losses by this method at 150 MHz gives

b=[s;e5 —&; 85 eXp(—2qa)] 2,

8f=81+80, 8;:85+80,

=g1—&g, &g =85 &qQ.

experimental variance ifi on the error in determining,. AP =18 dB. Therefore, the powa at the entrance to the
methods was no worse than 10%. taking into account the total lossas.

To determine the absolute energy losses as a result of With the results of Refs. 11-14 in mind, we constructed
absorption of SAW in the case of interaction with electronsthe curves
(Q), the following calculations must be performed. The in- Q=an zf(T3_T3)
tensity E of the electric field, in which the two-dimensional S € ’
electrons of the heterostructure are located during the propavhich correspond to the energy balance equation in the case
gation of a SAW in a piezoelectric material placed at a dis-of the interaction of electrons with the piezoelectric potential
tancea from a high-conductivity channel, is of the acoustic phonon$A scattering under the condition
of weak screening at frequencies of 30 and 150 MHz in

32 bgexp—2qa
|E|2:K2_w(81+80) qu) , (1) different magnetic fields
v 1+ 47TO'XX) o2
VEg QPA:eMEZZAs(Tg_Ts)- )
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4.5+

FIG. 4. Electron temperatur&, versus the en-
ergy losse) at SAW frequencies, MHz: 1—
150 and2—30. Inset:8I' =I"(T,) —I'o(T) versus
Q at SAW frequencies MHz: 1—150,2—30.

a, 0°ev/s

But since the condition for weak screening was not satisfieavherek is the electric fieldy is the electron velocityf (e )
for this sample, the curve®=f(T2—T®), corresponding to is the principal part of the distribution function of electrons
the energy balance equation in the case of PA scattering butith energye,= p2/2m, wherep and m are, respectively,
with the condition of strong screening for the same frequenthe electron momentum and effective mass. Because of the
cies 30 and 150 MHz and the same magnetic fields, wereapid ee collisions, a Fermi distribution is established for
also constructed: fo(ep), but the Fermi levek and the temperatur, must
_ 5 -5 be determined from the conservation equations for the elec-
Qpa=As(Te~T), ©) tron density and average energy, while the electron-phonon
A least-squares analysis showed that the expreg8jon collisions give rise to energy transfer from the electrons to
gives a better description of the experimental curves. Figuréhe lattice.
4 shows the experimental points and theoretical curves of the The results of a calculation of the energy balance equa-
expressions of the typ@) with A;=3.0+0.5 eV[s-K®) and tion in a 2DEG in the case of electron scattering by piezo-
f=30 MHz, wheref is the SAW frequencysee curvel in electric material and deformation potentials of the acoustic
Fig. 4), and A;=4.0+0.6 eV[s-K®) and f=150 MHz (see  phonons are presented in Refs. 16 and 17. The numerical

curve?2 in Fig. 4). coefficients in the relations, taken from Ref. 16 and pre-
sented below, refer to a 2DEG on t{@0)1) surface of GaAs

4. THEORY OF HEATING OF TWO-DIMENSIONAL if the following condition is satisfied:

ELECTRONS WITH CONTROL OF RELAXATION ON THE

LATTICE BY ELECTRON-ELECTRON COLLISIONS ke<m/d, (6)

To describe the heating of an electron gas by means of where the electron localization widith in a quantum well
temperatureT, different from the lattice temperatuf, the ~ can be estimated for a heterojunction by the relation

electron-electron collisions must occur more often than col- 3| a* |13 11

lisions with the lattice; i.e., the conditiof,e<7,, must be d=| 2= N* =N+ — 7
- e . 4 N* 1 depl 32”5' ( )

satisfied. Herer, and 7., are, respectively, the electron en- ™

ergy relaxation time on phonons and the electron-electrofygre Ngepi iS the density of the residual impurity near the

(e interaction time. _ heterojunction, andyj =%%e,mé? is the effective Bohr ra-
In a weakly disordered 2DEG in GaAs/AlGaAs hetero- jj;s.

structures, momentum is dissipated mainly on the Coulomb |, the case of weak screening, the intensity of the energy

charge of the residual impurity near the interface. As a resulysses due to PA scattering is determined by the expré&sion
the relaxation times satisfy the inequalities

keT \3( T2
Tp=Tee<Ts, (4) Qra=b1Qu| 77— |73~ 1/,
. . . Ft
where 7, is the electron momentum relaxation time.

o 2mg £(3) 13 9 (5|2
4.1. Static reglme. B N ) 1= o R [1+ e (E) ; (8)
When the inequalitieg4) are satisfied, the nonequilib-
rium part of the distribution function has the form where 1fo=(eB1s)°m/2mph®s;, Bi4 is the piezoelectric
constant,p is the density of the semiconductfn our case
f ——eE.vr Ifolep) , (5) GaAs,s ands;=0.5% are, respectively, the longitudinal and
P P oep transverse sound speeds in Galys= (27ng)*? is the wave
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number of an electron with Fermi energy, {(x) is the w2 g(Tg) 2

w
RiemannZ-function, andkg is Boltzmann’s constant. P Uxngm cos(gx— wt)
In the case of electron scattering by the deformation po-
tential of acoustic phonon®A scattering the correspond- +a1—e):o, (14)

ing expression has the form
where T, is the electron temperaturey, is the two-

Qua=b,0 (kB_T) 2( kgT )3(159 B 1) dimensional density of states, is_the electric conductivity,

PATTER2 2ms?) | fikes) | T° ’ D is the diffusion coefficient, an@(T,) is the energy trans-
ferred to the lattice. The harmonic variations of the chemical

b,=12(5), (99  potential with wave numbeq and frequencyw lead to a

1=7 5o
lo/s variation of the Joule heat source for the wave and to the
wherel,=n#i*p/2m°E2, andE, is the deformation poten- appearance in it of the cofactor
tial. 2
The relationg8) and(9) hold for small-angle scattering %
when w°+(q°D)
ke T<2%ikes=KgTsmas (10) Since in the experimen?D < (see Ref. ¥, the spatial
. variation of the Joule heat source can be disregarded. For this
and weak screening when reason, we also disregard the spatial variation of the tempera-
keT>2%is,/al=kgTsc,- (11)  ture but allow for a variation of the temperature correction

) ) ) _for the average energy in time. The quan@Te) depends
In the case of strong screening, when an inequality oppositg,, he e-ph interaction mechanism. For PA scattering

to the(11) holds, — .
@D Q(Te)=nsQpa(Te), WhereQpa(Te) are given by Eq(8) or

keT<2his/af=kgTscr, (120  (13) and in a simplified form by the expressi@®) or (3);
for PA scatterinéﬁ ?rf;gosp is the total density of the two-dimensional elec-
ser 359 45 (s,\%12ms &f We shall examine first the condition for weak heating

Pa=¢B) 7151159l s —
S To €B AT=T,—T<T. (15
keT \°(Te In this case
X(ﬁkpst) (ﬁ_l | 13

JAT AT  3o,,Ejcos(gx—wt)

—52 )2 | —+ 1
whereeg=%2/2m(ag)? is the Bohr energy. T " , (16)
where for small-angle PA scattering under strong screening
4.2. Heating of electrons by a surface acoustic wave conditions
When the relationg4) between the times are satisfied, 1 15 3
A I . . . - = _28|:A5T ’ (17)
the nonequilibrium part of the distribution function, which T, T

depends on the electron momentum, relaxes rapidly and its

current part, which is antisymmetric in the momentum, hasand the coefficient\s is determined by Eq(13) written in

the usual form (5) but E(x.t)=E,cos@x—awt), where the form (3). The equation16) is easily solved. The tem-
w=2mt. As a result.f(c.) is,the F?ermi functio’n but the perature correction nonlinear in the electric field must be
= i folep

chemical potentiak(x,t) and temperaturd(x,t) can be substituted into the expression for the electrical conductivity
F ] ]

functions of the coordinates and time. These functions rnusEnd the latter into the expression for the damping coefficient

also be determined from the conservation equations for th of the surface acoustic wave
density and average energy of the electrons. Slow electron- T Aoy
phonon g-ph) collisions, which are responsible for energy oI'=I'(W)-Tp=

. . doyy 0T
transfer from electrons to the lattice, appear only in the last
equation and they fall out of the equation for the density, 30’XXE(2)7'8 1/2
. ok . 3 X . 18
?gr?: thee-ph interaction preserves the total number of elec 272poT 1+4w27_§ (18

The main part of the chemical potential is given by theHereI'y=I'(T) asW—0 is the absorption in the linear re-
normalization condition for the total electron density, i.e., itgion at fixed lattice temperaturg, and ST is the nonlinear
is a constant. True, there are corrections, which are propoeorrection tol'(W). The SAW electric field is expressed in
tional to the amplitude of the wave, but the nonlinear contri-terms of the input poweW and the absorptioh is expressed
bution from these corrections, scaled to the main value of thas oXXE§=4FW. It follows from the expressioril8) that
chemical potential, is small and can be ignored. For thisvhenw7.=1 and Eq(15) holds, the second harmonic in the
reason, we write only the equation for the change in theheating function decreases rapidly as a result of oscillations
average energy in time, and the heating is determined by the average power
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of the wave. This last assertion is also valid for the case of As the temperature is lowered, the so-called “dirty” or
strong heating. The quasistatic balance condition holds iffNyquist” time T(e'\é) with small momentum transfdin the
this case: process of electron diffusigmpig~1/L;, (Ref. 20 and 22
where L= (D%/kgT)*¥? is the diffusion length over time
kgT/f, often called the coherence length, plays an increas-

The temperaturd,, found from the relatior(19) determines IN9ly larger role in theee interaction as the degree of disor-
the electrical conductivity and the absorption of the SAw.dering of the 2DEG increases. Tke collision frequency is
For strong heating, the difficulty of solving the nonlinear determined by the quantity

equation (14) analytically makes it impossible to obtain 117N =(TR5e?/h)In(h/2e’Ry), (21)
simple formulas for an arbitrary value of the parameiet, . ) ) i ]

For wr,<1, the heating of the 2DEG is completely de- whereR;= 1/oy, is the resistance of the film per unit area.
termined not by the average power but by the instanta- 4.3.2. Relaxation timer,_ of the average electron en-
neously varying field of the wave. As a result, in the case ofrgy. If the heating of the 2DEG is characterized by an elec-
slight heating, we see an increase in the degree of heating §Pn temperaturd, then the energy losse€3 (per electron
the 2DEG[see the cofactor in parentheses in the expressiofidn be written in the forr?

(18) for w7,—0]. For w7,— 0 the following expression can o — 1
be written out, assuming the time derivative in the relation Q=[e(Te)=& (M., (22)
(16) to be a small term. For the PA interaction under strongwheree (T,) and e (T) are the average electron energylat

screening conditions and T, respectively, andr, is the energy relaxation time.
15 The change in the average kinetic energy of a two-
dimensional electron witk g <kgT is

7?kg (Te—T2)

6 €F0

Ag(T3—T5) =0, E3/2n,. (19

o E2cog(qx— wt)

= 5+
Te(X,t)=|T Acn.

This expression must be substituted into the temperature- As=¢(Te)—e(T)=
dependent part of the electric conductivity, which in a strong
magnetic _fleI(_JI is determined by the expression for the Shub- 72K TAT
nikov oscillations =

AT<T

3 ey (23
2
Ag..=C 21 Te(x,O/fooc cos( 2778F> The latter equality in Eq23) corresponds to the condition of
X Sin 2T o(X, 1) /A o] hog |’ weak heating15). If a dependenc€(T,,T) of the type(2)
or (3) can be represented in an expansioAiflVT as

where C is a slowly varying function of temperature and
magnetic field, andw. is the cyclotron frequency. In this Q(T,AT)=yAyT7*1AT,
case, OT“V. the part of the currerjt_corres_ponding to th_e ﬁr?\/herey is the exponent off, and T in the expression the
harmonic in the ZDE.G layer participates in t_he gbsorpnon 0 ollowing expression(2) or (3), then we obtain the following
the SAW. The effective temperature appearing in the expres- . —
sion forI'(W) is also determined correspondingly: expression forr:

w2k
Te T—|AT<T: : (24)
elAT<T= 3 A . 772"
SinN 27T, lfwy) 3yAeroT
2n d For the cas€3), i.e., y=5, we obtain the expressid@7) for
_ (27 de Ur,=1lr,.
fo - (cogo)

y [T5+ (0, E3Asng)coge]Y® 5. DISCUSSION OF THE EXPERIMENTAL RESULTS
sinh{ (2721w ) [ T+ (04 E5/ Agng) coS o]

Let us examine the condition of applicability of the heat-
ing theories presented in the preceding section to our results.
he typical values of the residual impurity denshe, in
the region of the 2DEG for our heterostructures is of the
4.3. Determination of the relaxation times order of 16° cm™2. ThereforeNge,<ns. For the parameters
4.3.1.Electron-electron interaction time,,. In the the- oiGaAsm=0.07mo , permittivity e;=12.8, and Bohr radius
oretical studie¥° it was shown that the quasiparticle life- @ =97 A, we obtain from Eq(7)
time in a 2DEG under conditions of large momentum trans-  §=85 A, dkg/7=0.3<1.
fers is determined by the quantity

This expression is quite difficult to use in the case of stron
heating.

In other words, the conditiofb) is satisfied.

o wT? (e The momentum relaxation time for the experimental
EOA In T Tm=maxT, A/ 7y}, (20 sample was estimated from the Hall mobility= um/e; it
Tee €Fo m ; — 12 4
is 7,=5.1X10" *“s.
wheree, is the Fermi energy af=0, andr(e‘;) is called the It was shown experimentally in Ref. 23 that at liquid-
“pure” electron-electron €€) interaction time. helium temperatures and low 2DEG mobilities #e inter-
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action with small momentum transf¢21) predominates in

determined these temperatures using the value

quantum wells at the GaAs/GaAlAs heterojunction. For ours,;=3.03x 10° cm/s(see Ref. 1pand the value given above

structure, withR; =73 Q, #/70Y=1.46x 1072 T and varies

in the range
#17N=0.02-0.06 K

for T=1.5-4.2 K.

In the expressioni20) we employed the valud@ =T,
since i/7,=1.5 K<T. In the casesg,=266 K, for our
sampleﬁ/ré’? in the same temperature range is

2178 =0.07-0.4 K (26)

The sum of the contribution§25) and (26) gives for the
experimental sample

1.5x10 M s<7,,<8.4x10 1 s

in the intervalT=1.5—-4.2 K.

To estimate the energy relaxation time (24) it is nec-
essary to know the coefficiedt, in relations of the typ&2)
or (3):

Q=A/(Ti-T7).

A calculation according to Eq$8), (9), and(13) gives for a
2DEG in our structurg 8,,=0.12 C/nt (Ref. 24 and the
same values of all other parameters as in Ref.fa6small-

angle scattering and weak screening, whep,<T<Tgna
[see Eqgs(10), (1), (8), and(9)],

QpaleV/s]=67.5eV/(s-K3)|(T3-T3),
QoaleV/s]=13.7eV/(s-K®) (TS T%), (28)

and in the case of strong scattering witke T, <Tsma[S€€
Egs.(10), (12), and(13)]

STeV/s]=16.7eV/(s-K3) (T3 T9).

(25

(27)

(29

As indicated in Ref. 16, PA scattering in the region of strong
screening predominates with “certainty” over DA scatter-

ing.

It should also be noted that for such a sample with

ng=6.75x 10" cm 2 and uy=1.5x10° cm/(V-s) in dc in-
vestigationg(i.e., in the static regimé:**atT=1.86 K up to
T.=4 K the heating was described by a law of the type

which is valid for PA scattering, and under weak screenin

conditions the valueA;=130 eV(s-K® was found for

sample 1 from Ref. 11, which is higher than the value indi-
cated forQp, in Eq. (28).Y However, irrespective of the

values ofA, and y which we used to estimate_S on the
basis of Eq(24)—the theoretical value@8) and(29) or the

experimental valugd;=130 eV(s-K®) y=3—we obtained

for a§ . The results are

Tema=9.5 K and T¢,c=4.6 K. (30)

Since the phonon in our

T=1.55 K, we have

temperature experiments

T<Tser<Tsma- (31

Therefore, the inequalitiedl0) and (12) are satisfied in our
experiment, though not as strongly, especially the inequality
(12), as assumed in the theory of Ref. 16 for application of
the expressiorl3).

Finally, observation of a law of the typ@) with y=5
(see Sec. 3 and Fig) 4nd the ratigq31) of the temperatures
presented above allows us to assert that in the case of heating
of two-dimensional electrons by the electric field of a SAW
(f=30 and 150 MHZ the electron energy relaxation is de-
termined by PA scattering with strong screen{idg), which
for the parameters employed by us gives the theoretical re-
lation (29).

At the same time, as noted above, in the investigation in
the static regimg¢with phonon temperaturé=1.86 K (Refs.
11-15, i.e. the inequalitie$31) hold], the law(2) with y=3
was observed, indicating that PA scattering dominates in the
electron energy relaxation mechanisms in the case of weak
screening8). Besides the indicated discrepancy between the
results of investigations of the heating of a 2DEG in high-
frequency(rf) and dc electric fields, it should be noted that
there is also a discrepancy in the experimental values
As=3eV/(s-K® at f=30 MHz and As=4eV/s-K® at
f=150 MHz (see Sec. B In addition, these values are not
greater than(as the experimental value &; is the static
regime@ but less than the theoretical value
As=16.2 eV(s-K®—Eq. (29), calculated according to the
theory of Ref. 16.

Since the calculations in Ref. 16 were performed for a
constant electric field, they obviously cannot explain the
above-noted discrepancies, especially the difference in the
functionsQ(T,) at different frequencies. Apparently, the dif-
ference is due to the different values of, with respect to
1. Taking into consideration the approximate nature of the

gcomputed parameters and the uncertainty in the input power

in our measurements, we took as the value of the energy
relaxation time 7, estimated from the theoretical value
As=16.2 eV(s-K% with y=5 (29), which gives in the case

of a calculation based on E(L7) or (24) 7,=3.3x10 ° s.

At frequencyf=30 MHz w7,=0.6<1 and atf =150 MHz
wT1,~=3>1, which leads to a different heating for the same

for the energy relaxation time estimates in the rang&nergy losses. In this connection, we attempted to study this

7,=(2-50)x10"° s.
Comparing the values presented above fgrand 7

question theoreticallysee Sec. 4)2and to compare the re-
sults obtained with experiment. As a result, we can demon-

(27) and the range of values fo_rs, we see that the relations strate the validity of Eq(18), obtained under the assumption
(4) are satisfied.The concept of an electron temperafyre of weak heatingAT<T. We present in the inset in Fig. 4
could therefore be introduced and the heating theories préhe experimental values of the differenéE=1"(W)—-T'; as

sented in Sec. 4 could be used.

a function ofQ for two frequencies, 30 and 150 MHz, in a

Let us examine the estimates of the critical temperaturefield H=15.5 kOe. We see from the figure that in accor-
Tsma (10) and T, (12) at which the energy relaxation dance with Eq(18), these dependences are linear and for the

mechanisms change in the case of ¢hph interaction. We
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greater thansT', (f,=150 MHz), the ratio T, /6T, is 2We take this term to mean the so-called escape tignavhich is inversely

equa| to within 10%. to the theoretical value proportional to the almost total scattering cross secfidn. experiments
’ ' on quantum oscillations it is defined ag=#/27T*, where T* is the

1/2 1/2 Dingle temperature.
1+ ————>> 1+ ———>— 3 i i i
1+4w175 1+ 4w27'8 As V. Karpus has showt, the experimental data of Ref. 11 in the region

T>T fall well within the general picture 0Q(T.,T) (see Fig. 4 from
with w; ,=27f,,. A similar result was also obtained for Ref. 16. It should be noted that the valyly,=0.12 C/n? (Ref. 24, which
5F1/5F2 in the magnetic field = 14.1 kOe. Therefore, ex- we used for calculation of Eqs(28) and (29), corresponds to

periment confirms the theoretical conclusion thatAar<T h14=1.06<107 Viem (in the notation of Ref. 16 For this reason, the
the energy losses depend an theoretical value oA, (y=3 or 5 in Refs. 11, 14, and 16 for PA scatter-
-

. o ing (see, for exampleg=1; for the theoretical curve in Fig. 3 from Ref.
It should be noted that in determ'n”@ atf=150 MHz 11) is 1.3 times higher than the corresponding values¥gx, presented in

it was assumed thai[ I'(W)/T'y ] is frequency-independent  the relations(28) and (29), for similar values o, .
(see Sec. B which is at variance with the result presented

above. HoweverQ and ST are so small at the onset of the

nonlinear effects that their differences at different frequen-

cies fall within the limits of error of our measurements.
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Optical spectroscopy of two-dimensional electronic states in modulation-doped
N-AlGaAs/GaAs heterostructures
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Photoluminescence spectra, associated with the two-dimensional electron gas in modulation-
dopedN-AlGaAs/GaAs heterostructures with different thicknessgsf the undoped spacer layer,
have been investigated at 77 K. All experimental samples possessed an undoped superlattice
buffer layer(as the second heterojunctjpiocated at a distanad, below the main heterojunction.
The data obtained are subjected to a theoretical analysis by comparing with spectra

calculated on the basis of a self-consistent solution of the 8atger and Poisson equations.

For 13=d,=<40 nm the photoluminescence spectra possessed two lines with photon
energieshv, andhv, (hv,>hv,;) and intensitied, andl,, respectively. This doublet structure

is due to optical transitions between the bottom electronic subbahdsdE2 and the

lowest heavy-holé€?,,, EZ,, and light-holeE;, subbands. It is shown that the increase in the
intensity ratiol , /1, with decreasingl is due to an increase in the population of the upper subband
E2 and a decrease in the probability of optical transitions from the lower subBandhe

shift of both lines in this case in the direction of lower energies is due to an increase in the band
bending. It is shown that the change in the distadigénfluences differently the intensities

I, andl, and the spectral position of the componehts andhwv, of the doublet. This is due to

the large difference in the spatial extent of the electron wave functiti{g) and ¥2(z).

© 1997 American Institute of Physid$S1063-782607)02111-X

Optical investigations of the two-dimensional electrontrum and to investigate the PL spectra due to radiative re-
gas (2DEQ) in AlGaAs/GaAs heterostructurg$lSs yield combination of 2DEG and holes in the system AlGaAs/GaAs
direct information about the basic parameters of the elecat liquid-nitrogen temperature.
tronic subbandgenergy, width, degree of filling, and so In the present paper, we discuss the theoretical ap-
on),}~* supplementing and sometimes exceeding the inforproaches describing the main regularities observed in the PL
mation supp"ed by ga|vanomagnetic measurements. Howspectra and we calculate the wave functions and energies of
ever, thus far they have been directed mainly toward studythe electronic and hole subbands, the populations of the sub-
ing the quantum Hall effect and Wigner crystallization, sobands, and the matrix elements of optical transitions as a
that they have been performed at very low temperatures anéinction of the density,4 of the 2DEG and the distanck,
as a rule, were limited to low 2DEG densities Petween the heterobarriefisBs).

(<10 cm™?).

At the same time, it has been shotfirfor the pseudo-
morphic heterostructures AlGaAs/InGaAs/GaAs that the in-1. EXPERIMENTAL PROCEDURE
vestigation of the photoluminescen@@lL) spectra at liquid-

) ) Double-barrier MDHSs were grown by molecular-
nitrogen temperatures and even room temperature is oam epitaxy (MBE) on semi-insulating (001 GaAs
effective method for studying electronic states in

: substrates. They included a Qun-thick undoped
modulation-doped HSEVIDHSS). GaAs buffer layer, an undoped 20-period

However, such |nvest|gat|on§ have not been.p.erformeggd0'25680.755\S (1.5 nm/GaAs (1.2 nm) superlattice (form-
for the system AlGaAs/GaAs. This is due to the difficulty of ing the bottom heterobarrieran active undoped GaAs layer
revealing eff_ects associated vy|th the 2DEG becausg they alfith thicknessd, and then an undoped $:Ga, 7sAS spacer
masked by intense photoluminescence corresponding to iflayer of thicknessd, and a 60-nm-thick silicon-doped
terband radiative recombination of three-dimensional currentn = 1 x 108 cm™3) n-Alg ,:Ga 7sAs layer forming the main
carriers. MDHB. The structure was completed with a 10-nm-thick

The present work is devoted to a study of the two-undoped GaAs layer at the top. The profile of the conduction
dimensional electron states in the MDHGAIGaAs/GaAs  band of the structure obtained is shown in Fig. 1. The dis-
by the PL method, including their characteristic behavior actanced, between the heterobarriers ranged from 6.5 nm up
companying the introduction of a secofbndoped heter-  to 1 um and more. To investigate the contribution of size
obarrier(HB) on the substrate sidat a distancel, from the  quantization in the GaAs active layer, due to its confinement
main HB) into a standard HS. Using such double-barrierexclusively by the walls of the heterojunctions HSs in which
MDHSs, we were able to weaken substantigélor smalld,,) no layer was doped were also grown so as to form a square
the contribution of three-dimensional carriers to the PL specquantum well(QW). The measurements of the PL spectra

1178 Semiconductors 31 (11), November 1997 1063-7826/97/111178-07$10.00 © 1997 American Institute of Physics 1178



FIG. 1. Band diagrantthe effective barrier is shown for the superlatiice

were performed al =77 K. An Ar" laser with irradiation
density ~100 W/cnt was used as the source for excitation
of the PL.

Experiment

The PL spectra of MDHSs with different values of
andd, are presented in Fig. 2. For samples wdtf»50 nm,
only one line was observed in the PL spectriirig. 23,
irrespective of the degree of doping and thickndgs The
spectral position of the linevy=1.508 eV was independent
of d, in the range 50—1000 nm and larger and corresponded
to interband radiative recombination of three-dimensional
carriers in GaAs at 77 K; i.e., it equalled the band gap
Ey=1.508 eV at this temperature.

Figure 3 shows the maximum intensity, of this line
versusd, . As one can see from Fig. By, increases with,, .

It is interesting that although the rate of increasd pfd,)

with increasingd, slows down somewhat, the saturation ex-
pected ford,>0.4 um, wheread,>1 (a~10* cm s the
absorption coefficient in GaAs at the wavelength of the ex-
citing lasej should be satisifed, does not occur. The absence
of saturation inl(d,) could be due to the decrease in the

Theory

™ T YT Ty
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5nm

PL intensity,arb.unils

2000t
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a 1500
8
1000 |
d s
500t
. T | | 1 N [ I 11 1 1 1 N i
800 810 820 830 B4 800 810 820 830 840
wavelength,nm

FIG. 2. Experimental and computed PL spectra for different values of the
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TABLE I.

6 -
d,, nm dg, nm hvy, eV hv,, eV hyy, €V hAv,, meV 1,/
i 30 10 1.496 1.510 13.5 7
3 1.490 1512  1.509 22 12
] 25 10 1.503 1.419 17 2
g 4 3 1.492 1517 1511 25 7.7
s 225 10 1.503 1520 1512 17 1.8
8 3 1.493 1.518 25 4.27
S r 20 10 1.506 1531 1515 25 0.75
' 3 1.500 1.526 26 3.47
g 18 10 1.509 1532 1517 23 0.7
e 2} 3 1.503 1.526 23 1.93
: 15 10 1.511 1538  1.521 27 0.41
a 3 1.508 1.536 28 1.27
- 13.5 10 1.512 1545 1523 33 0.18
3 1.506 1.540 34 0.39
12 10 1.515 1553  1.528 38 0.09
i L —l i (1 1 3 1513 - - -
g ?./, 0.8 1.2 10 10 - 1.535 - -
dzstance,pm 3 1523 } )
8.5 10 - 1.545 - -
FIG. 3. Experimentaldashed lingand computedsolid line) curves of the 3 1.536 - -
PL intensity(at the maximumfor 3D electrons versus the distance between 6.5 10 - 1.5609
the heterobarriers. 3 1.547
fraction of photocarriers participating in nonradiative surface
recombination at the heterojunctions. HSs(the concept ofig is meaningless for these structures
It was observed that for smadl,, neard,~40—50 nm It follows from Fig. 2 and Table | that as the spacer-layer

and below, the form of the PL spectrum of MDHSs under-thicknessd decrease&nd, correspondingly, the 2DEG den-
goes fundamental changes. Specifically, the initial line asity n and the associated self-consistent band-bending poten-
hvy=1.508 eV transforms into a doublet structufég. 2) tial increasg the following occur for all MDHSs(with
consisting of a high-energy peak b, and a low-energy d,<30 nm:

“shoulder” (or peak at hv;. This fact is attributed to the —the intensity ratid , /1, increases due to both a strong
transition from PL of three-dimensional carriers to PL from decrease i, and an increase ih;
sections of the 2DEG. The doublet structure arising is attrib- —a spectral shift of both components of the doublet in

uted to optical transitions from the bottom two subbands othe direction of lower energies. Here the,; peak is shifted

the 2DEG localized at the top MDHB into the subbands of amore strongly tharhv,, which increases the spectral split-

hole well located at the bottom heterobarri€ig. 1). This  ting hAv,, of the doublet with decreasindy, .

structure arises when most photoexcited carriers are trapped It is interesting that for MDHSs with

in the above-mentioned electronic and hole wells and whed8 nm<d,<30-40 nm the componehtv lies at photon en-

the overlapping of the carrier wave functions becomes suffiergies lower than the band g&jp in GaAs at 77 K.

cient for appreciable radiative recombination to occur. Clear regularities are also observed for the dependence
In the case of undoped HSs, in which the band bendingf the PL spectra on the distandg between the heterobar-

associated with the 2DEG is small, the doublet structure imiers (for d,<30 nm). As d, decreases, these regularities

the PL spectrum does not arise wheg<40 nm. In such consist of the following:

structures a nearly square QW is formed and, accordingly, —both components of the doublet in a MDHS shift in

only one PL line is observed. The spectral position of thisthe direction of high energies; the life, in undoped HSs

line shifts with decreasind, to high values ohv as aresult also shifts to higher values ¢fv;

of size quantization due to the heterobarriers. This line al- —the energy splitting between the components of the

ways occupies an intermediate spectral position between ttagpoublet increases as a result of the stronger shift inhthe

components of the doublet in MDHEig. 2). peak to higher values dfv (compared with the shift of the
As one can see from Fig. 2, the intensities of the comcomponenhv,);

ponents of the doublet structure in MDHS and the shape and —the intensity ratiol ,/I, decreases as a result of an

spectral position of the components dependdgrand d. increase in; and decrease ih,.
Table | gives the main characteristics of the doublet structure  We present below the results of theoretical calculations
for MDHSs (d,=<30 nm) with different values af, andd;. performed for the purpose of substantiating the experimental

Herel, andl, are the maximum intensities of the high- results.
and low-energy components of the doublet, respectively, and The following will be examined separately:
hv, andhv, are their spectral positionBA ;,=hv,—hv, is 1. “Wide wells” (d,>50 nm), where because of the
the spectral splitting of the components of the doublet, andiarge distance between the electronic and hole QWs, the
hvg is the spectral position of the PL line in the undopedoverlapping of the wave functions of the two-dimensional
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electrons and holes is small, so that only interband recombi- 2. Quantum wells ¢,<30-40 nm).
nation of three-dimensional carriers contributes to the PL  The calculation of the PL characteristics revealed that in
spectrum. order to obtain good agreement with experiment it is neces-

2. Quantum wellgfor d,<30-40 nm), for which the PL  sary to determine accurately the effective height of the su-
spectrum corresponds to optical transitions with the participerlattice(SL) barrier. This height was calculated according
pation of a 2DEG. to the Kronig—Penney model. The results are A.B8 and
0.44AE, for electrons and holes, respectively, whexg&,
andAE, are the conduction and valence band offsets at the
GaAs/Al, ,:Ga 75AS heterojunction, respectively.

1. We shall analyze first the dependence of the PL inten-  If it is assumed in the calculations for undoped HSs that
sity ond, in wide wells(Fig. 3). As is well known, the main the QW is square, then agreement with experiment cannot be
mechanism of relaxation of the energy of nonequilibriumobtained. The reason is band bendifgg. 1). The energies,
carriers in GaAs at temperaturgés= 77 K is the emission of wave functions, and populations of the subbands of the
optical phonons. The characteristic energy relaxation lengt2DEG in the MHDS were calculated in the approximation
for such processes is50 nm. For this reason, in the case of sn<<n (quasiequilibrium situationby solving the system of
wide wells all photoexcited carriers must recombine inside sequationgthe Kohn—Sham systein
well. In the case of stationary pumping and weak excitation

2. THEORETICAL MODELS

2 Qi
the distribution of excess elgctronéq aqd holes 6p _ d ‘P:E-FUE(Z)\I’L: E'e‘I"e (5)
(6n=6p) over the coordinate (in the direction of growth 2m dz
of the layer$ is described by the equation 5
de
d?(8n) on X gz ~ain=N(2)], (6)

DF:Ge_az‘l‘T, (1)

) ) o o ) wherez is the direction perpendicular to the heterojunctions,
whereD is the ambipolar diffusion coefficieng is the pho- i () js the envelope wave functiotl(z) is the potential
togeneration rate a&=0, andr is the effective lifetime energy,y is the permittivity, o(2) is the electrostatic poten-

1 1 1 tial which is determined by the equilibrium electron distribu-
T T + . tion, E is the energy of electron motion aloagN(z) is the
impurity density,
where 7, is the lifetime for interband radiative recombina-
tion, and,, is the total lifetime for all other types of non- Ue(2)=AE(2) —d(@+ ¢yxc), (7)

radiative and radiative volume recombination processes. It i§vherezp = g/37my n® is the exchange-correlation electron
obvious that the PL intensity is given by xe

interaction potential, and

da
|~ f én(z)dz 2

0 @ @ n:f N[ Vel °dE, 8
If it is assumed that the surface recombination &fés the
same for both heterojunctions, then integrating Bg.and
substituting the result into E¢2), we obtain

wherenSE is the layer density of electrons with energy

In Eqg. (8) the integration extends over both the discrete
and continuous sections of the spectrum. For holes,(Bq.
S{coshid,/L)—1]+sinh(d,/L) has the same form as for electrons with the potential energy

= 5 - [(aL+Y9)
(1+S%)sinh(d,/L)+2S-sinh(d,/L) Uy(2)=AEy(2)+ (g + ox0). )

(el =S)exp~ada)]~[1-exp ~ada)Val, () The motion of electrons and holes is unbounded in the
where S=SyL/D, L=yDr7 is the ambipolar diffusion plane of the heterojunction and the wave functions are plane
length, andB is a proportionality coefficient. waves. The new aspect of the expressi® is that an

In the case of our experiments the conditiahdL<1  exchange-correlation interaction potential,, which de-
andalL>1 are satisfied. Comparing the experimental valuegends only on the electron density, is introduced into the
of I in Fig. 3 with the computational results shows that thehole potential energy. The calculations showed that satisfac-
best agreement with experiment is attainedSet1 and Eq.  tory agreement with experiment cannot be obtained without

(3) can be written in the simplified form it. The introduction ofe,. is strictly justified in Ref. 7 for
d, electrons. We know of no justification for the introduction in
|=Bal m(l—e‘ ada), (4) Eq. (9) of a potentiale,. that depends only on the electron
a density.

Least-squares analysis of the experimental results, using The problem of calculating the optical-transition ener-
Eq. (4), gives S=2.7x10"3, which corresponds to gies was systematically solved by first solving the self-
Sy=10 cm/s. This means that the surface recombination rateonsistent system of equatiof®—(8) for the electrons and
in the HSs investigated is very low and the expresgi®n then, using the values obtained for the poter@® the sys-
describes well the well-width dependence of the PL intensitytem of equationg5) and (9) for holes. This simplified ap-
(Fig. 2. proach is possible in our case sinép<<n.
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In the casedn~n, it would be necessary to solve self- 35c
consistently the complete system of equations for electrons
and holes. This does not present any special difficulties, if
the carrier energy distribution functions are known. 30
It should be noted that in the case of electrons the -
MDHS studied consists of two almost independent potential 25
wells (in front of and behind the superlattice heterobajrier
For this reason, to simplify the calculations the system of
equationg5)—(8) were solved separately for each well, and
the coupling equation for the potentials at the SL boundaries
was obtained from the solution of E@) in the region of the
SL with n=0.
The solution was obtained numerically by an iteration
method. This procedure is described in detail in Ref. 8. 0}
After these calculations are completed, it is quite easy to N
calculate the PL spectrum. The Fermi—Dirac functions with
electron and hole quasi-Fermi levells .=Eg— 6.kT and
Er n=Eg— 6hKkT for electrons and holes, respectivéB is
the equilibrium value of the Fermi enengwere taken as the 0
carrier energy distribution functions. It can be shown that
6h> 4, in the casedn<n. We can then obtain from the
BoIt.zman'n collision integral the following expression for the .~ , ES—ENN—E, versus the width of undoped well—self-consistent
PL intensity: calculation,2—experiment,3—calculation in the square-well model

| (hv)=B(e%—1)

20t

Energy,meV
&

ex;{ — hv Eg) well makes it impossible to explain the experimental depen-

> Wi kT __@(EI/KT) dencehvy(dy) (curve 1). Satisfactory agreement between

& 1+me/my Er—E,—E" " theory and experiment is achieved if the presence of band
+exp(T> bending ¢, is taken into accountFig. 4, curve3). As an

exact calculation shows, the magnitudeggfin an undoped
10 ps (with background impurity density~1x 10 cm™3)
whereE; is the energy of théth quantum-well subband of equals approximately 20 meV. In this case, the energy of
the 2DEG,hv is the energy of the emitted photons, optical transitions can be approximated by the expression
. hv—E,—EL—E] . :

E'J:#/:nh“, (12) hve=Eq+EL+EL—qFd,, (12)

E}, is the energy of thgth hole quantum-well subban@ is  whereEL+ E}~ 1+m,/m,/d? is the total energy of the bot-
the theta function, anw;; is the squared overlap integral of tom electron and hole subbands, ag#&d, is the band-

the envelopes of the electron and hole wave functi¥s bending potential inside the QW, wheFeis the effective

and ¥} . band-bending electric field.

It should be noted that, in contrast with the case of wide  Since the deviation of the QW from a square shape is not
wells, B in Eq. (10) depends oni, andds. This is due to the  large, the selection rule®/;;~1 for i=j and W;;~0 for
fact that the number of electrons and holes trapped in a QW= (for heavy and light holgshold approximately, as the
depends on the size of the well and the magnitude of thealculation shows. Since there is no special doping, the
band bending and, correspondingly, the 2DEG density®  population of all subbands>1 should be close to zero.
For this reason, the expressioh0) is admissable, strictly Therefore, only one line corresponding to the optical transi-
speaking, only for qualitative comparison of the peak intention EL—E}, should be observed in the PL spectrum of
sities of the PL spectrum of MDHSs with different values of undoped HSs.

d, or ds. For MDHSs, band bending is substantial,
¢o~80-120 meV and, correspondingly, the electric field in
the QW is strong. This lifts the restriction on the optical
transitions between different electron and hole subbands.
The high 2DEG densityn,g~ (6—10)x 10! cn? ensures

Since the intensity of the PL in wide wells has alreadythat two bottom electronic subbandg, andEZ, are filled in
been analyzed, here we shall discuss only the results for most MDHSs. Calculations showed that six types of optical
QW. transitions between electronic subbarigfsand E2, on the

We start with an analysis of undoped HSs. As one carone hand, and hole subbari}, andEZ,, on the otherE,,
see from Fig. 4, the picture of an ideally square quantunand E,, are the light- and heavy-hole subbands, respec-

3. DISCUSSION
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FIG. 5. Ef— EJh—Eg (solid lines and squared overlap integraldashed FIG. 6. Ef— E}‘—Eg (solid lines and squared overlap integraldashed
lines versus spacer-layer thickneséransitions: 1—le—1hh, 2— lines) versus well width (transitions: 1—1e—1hh, 2—1e—2hh, 3—
le—2hh, 3—2e—1hh, 4—2e—1lh) for dg=10 nm. 2e—1hh, 4—2e—1lh) for d,=20 nm.

tively), can make an appreciable contribution to the doublethat contains the 2DEG, which decrease the extenit (fz)
structure in the PL spectrum of a MDHS. In addition, thein the z direction. The intensityl, increases because the
contributions of each depend ahy andd. population of the stat&2 increases as a result of an increase

The optical transitiorE.— Ef,, as well as the transitions in n,q. At the same time, because of the large extent of the
El-E}, and E2-EZ, make the main contribution to the wave functionW3(z), its overlap integrals with the hole
low-energy componertiv of the doublet. wave functions are virtually independent dy.

The transitionEE2—E}}, andE2—EZ,, contribute to the The theoretical curves of the energies of optical transi-
high-energy peak atv,; the contribution of the latter tran- tions and the corresponding overlap integhlg versus the
sition decreases with decreasidg. It should be noted that distanced, between the heterobarriers are shown in Fig. 6.
the peakl , should appear only when tHe? subband is ap- According to these results, the observed increase in the
preciably filled with electrons, i.e., when the Fermi legl  intensity of the peak; with decreasingl, is due to an in-
lies either above or slightly belo&? (so that optical pump- crease in the overlap integral of the wave functiby with
ing would ensure that it is filled the wave functions of the bottom heavy- and light-hole sub-

The experimental and computed PL spectra forbands. The decrease in the intensity of the peakwhich
d,=20 nm are shown in Fig. 2. Comparing them shows thapccurs in this case, must be attributed to the decrease in the
the theoretical model explains, at least qualitatively, thepopulation of theEZ subband, since the corresponding over-
shape of the PL spectra, including the spectral position antip integrals are virtually independentayf. The theory pre-
intensity ratio of the components of the doublet and the chardicts, in agreement with experime(fig. 6), that the ener-
acter of their variation with decreasimly . gies of all optical transitions studied increase with decreasing

The energies and squared overlap integrals computed & ; here the predicted shift is larger for the, peak than
functions ofd, for different optical transitions are presented for the hv; peak. This results in an increase of the spectral
in Fig. 5. In accordance with experiment, here the composplitting hAv,,=hv,—hv, of the doublet. As a result of the
nents of the doublet shift to lower valueshof with decreas-  rapid increase in the enerdsf, relative to the Fermi energy
ing ds. This is due to an increase in the band bendimga Eg, the population of this subband decreases wiifh
result of an increase in the 2DEG density), which results The results presented demonstrate clear differences in
in a decrease of the effective energy gaps between the elethe behavior of the wave functions of the subbaBdsand
tron and hole subbands. The theory also explains the deE2 of the 2DEG. The weaker dependencedyrof the over-
crease irl; and the increase ih, and, correspondingly, the lap integrals for optical transitions from i€ subband than
increase in the ratid, /I, with decreasingls. In this case, for transitions from theEé subband and the opposite situa-
the decrease ih is due to a decrease in the overlap integraltion for thed, dependences of the energies of these subbands
of the wave function of the ground sta@}e of the 2DEG  are due to differences in the extent of wave functidﬁéz)
with the hole wave functions because of the narrowing andnd ‘I'é(z) in the z direction. It follows from the results
“sharpening” of the lower part of the quasitriangular well obtained that the spatial extent\ﬂfé(z) equals about 12—-15
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nm, while the spatial extent o¥2(z) is estimated to be transitions from the subbarit, on the other. The accompa-
~30 nm. The small extent o¥'’(z) is responsible for the nying increase in the band bending gives rise to a shift of all
weak effect of the approach of the second heterobaffieer optical transitions in the direction of lower valuestuof as a
d,=15 nm on the energy of the subbarE&, on the one result of a decrease in the effective interband gap.

hand, and a strong effect of this heterobarrier on the overlap It was found that a decrease in the distadgénfluences
integral of ¥'(z) with the hole wave functions, on the other. differently the spectral position and intensity of the compo-
At the same time, the approach of the second heterobarrigrents of the doublet in the PL spectrum. For kthe peak, a
strongly influences the more extended state described by theuch larger shift is observed in the direction of large

wave functionW2(z), increasing its energfZ and corre- than for thehv; peak. The intensity of the first peak de-
spondingly decreasing its population. creases and that of the second peak increases. This behavior

In this connection, measurements of the dependencis attributable to the large differences in the spatial extent of
1,(d,) can be used to obtain an experimental estimate of théhe wave functionsl’3(z) and¥3(z), which account for the
spatial extent of the wave functiohl(z) and measurements differentd, dependences of the energies of the subbands, of
of I, can be used to estimate the population of Ejesub-  their populations, and of the overlap integrals with the hole
band. The latter makes it possible to use the PL method twave functions.
investigate the electron distribution over the two- The results which we obtained in our study are undoubt-
dimensional subbandthis is usually done by means of low- edly of interest which we for understanding size-quantization
temperature Shubnikov—de Haas measurememtgen at phenomena in a 2DEG and for developing effective methods
high temperatures. for diagnostics of the parameters of a 2DEG.
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Effect of the spin-orbit interaction on the optical spectra of an acceptor in a
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The energy levels and oscillator strengths of optical dipole transitions from the ground state into
odd excited states of a shallow acceptor located at the center of a spherical quantum dot

are calculated as functions of the spin-orbit splittiagf the valence bands for different values

of the radius of the dot and rati@ of the heavy- and light-hole effective masses. It is

established that the spin-orbit interaction strongly influences some states of the acceptors in the
case of real, large values gfand small values of the dot radius. The spin-orbit interaction
influences most the lowdrg state, since it changes from a heavy-hake<0) to a light-hole
(A=) state. The problem is solved exactly within the approximations employed,

specifically, exact analytic expressions are used for the wave functions of the acceptb®97©
American Institute of Physic§S1063-7827)02211-4

1. The states of shallow impurities in semiconductoreven for a series of transitions into a state of the same
structures with quantum wells and their optical propertiessymmetry*®!®In Ref. 16, we calculated the energies of the
have been studied extensively in recent yeaee, for ex- ground state and a number of excited states, as well as the
ample, the review article in Ref) IThis is attributable to the  oscillator strengths of optical dipole transitions of shallow
great interest shown in new structures such as quantum wirgfnors and acceptors as a function of the radius of a spheri-
and quantum dots and, correspondingly, the need to investia| quantum dot by means of a new numerical-analytical
gate impurity states in them and attempts to obtain Moreénethod for solving singular, multicomponent, Sadirger
accurate computational results using more accurate approxiyation€%2 This new method made it possible to solve the
.ma“of‘s and methods. Starting with the first calculatioe problem exactly within the approximations employed. In the
impurity levels for shallow donor_s a_nd shallow acceplors ,se of acceptors, the approximation of an infinitely large
have been calculated repeatedly in different approximations . . e

pin-orbit splitting of the valence bands was used to calculate

in the case of impurities located in quasi-two-dimensional " . . . o :
their optical spectra. This approximation holds well in the

guantum wells(see, for example, Refs. 3)-@&nd in quasi- ) .
one-dimensional quantum wirés® Numerous calculations ¢aS€ Of the calculation of the spectra of acceptors in the
of the exciton and “free” hole energy levels have beenVolume of many semiconductors, but in the case of a quan-

performed® 4 for the case of semiconductor quantum dotstum dot, as the radius of the dot decreases, spin-orbit inter-
or semiconductor microcrystals in a dielectric matfixe ~ action effects between thEg valence band and the spin-
note that in the case of spherical quantum dots with smalprbit split off I'; band increase because the kinetic energy of
radii, when the exciton as a whole is quantized, these prokthe charge carriers increases. In the present paper we employ
lems are equivalent; see Ref.)land calculations of the the method of Refs. 20 and 21 to investigate the energies of
states of shallow donors and acceptors in them appeargtle ground state and a number of excited states, as well as
recently?**~*"1t should be noted that in the overwhelming the oscillator strengths of optical dipole transitions of a shal-
majority of calculations of impurity states in structures with |ow acceptor located at the center of a spherical quantum dot
quantum wells only the energies of the ground state and thgs a function of the magnitude of the spin-orbit splitting of
lowest excited state were calculated. These calculations WekRe valence bands for different values of the radius of the dot
performed by a variational method, which possesses wellyng ratig of the heavy- and light-hole effective masses. We
known deficienciegspecifically, the accuracy of the varia- shall employ the numerical-analytical method of Refs. 20

tional wave functions is unknownHowever, in order to ; . . .

) : . o o and 21, which will make it possible to solve the problem

identify optical transitions correctly it is necessary to know, . . . . .
exactly, in particular, to obtain exact analytical expressions

in addition to the energy levels, one other very importantf h funci fth ;
spectral characteristic—the oscillator strengths of the transi’ 1€ wave unc lons ot the acceptor. . .
2. For definiteness, we shall study an acceptor impurity

tions, which is especially important in the case of X .
nonhydrogen-like impuritie® Such impurities atom located at the center of a spherical semiconductor quan-
(nonhydrogen-likginclude, in particular, acceptors in semi- tUm dot with radiusR,. We shall assume the potential bar-
conductors with a degenerate valence band: In contrast to tHé€r at the boundary of the quantum dot to be infinitely high.
case of hydrogen-like impurities, the oscillator strengths ofin the spherical approximatidii,the Hamiltonian which ap-
optical transitions from the ground state of an acceptor varproximates the effective mass of the acceptor and which
nonmonotonically with increasing number of the excitedtakes into account exactly the finite magnitude of the spin-
level (with decreasing binding energy of the excited states orbit splitting of the valence bands, can be represented as
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2 (1
H=p2—3,u(P(2>I(2))+§ (E—I-S

Here#p is the momentum operatoP® andl® are rank-2  Here B=3"1"F*Y[(F+3/2)/(F—1/2)]Y2 The matrix ele-
irreducible spherical tensor operators consisting of, like inments appearing in these equations are
Ref. 18, the components of the vectorand the angular

. . . F L
momentum vectorl with 1=1, S is the spin operator, (LI|PR 1Ly = \/%(_1)F+J+L[ J, ,}
w=(4v,+67y3)/5y, (Wherey, are the Luttinger parameters 2 L
of the valence bandA is the spin-orbit splitting of the va- X(L|IP@|L") (4)

lence bands, the energy and distances are measured, respec-
tively, in the unitsRy=mge*/2hx2y; anda=hky,/mye?  Here the table in the braces is #8ymbol and {||P@)|L")
(wheremy is the free-electron magsx is the static permit- is a reduced matrix element, which is nonvanishing only for
tivity of the crystal, andZ is the charge of the impurity ion. L=L" andL=L"*2,
We seek the wave function corresponding to the Hamil—(L”P(Z)”L,):(_1)(L,,L),2
tonian(1) in the form
(L+L"+2)(L+L")(4L+2—|L" =L (4+]|L"—L])
24(L+L"—1+|L'—L|)(4L+6—-3|L'—L]|)

d> [(L"+1/2(L'—L)+2—|L—L"|]
arz " .

w; RLy(1)|LIFFy), (2)

where [LJFF,) are the knownL—J coupling wave func- x(
tions, F is the quantum number of the total angular momen-
tum F=L+J (whereJ=1+S), and R ;(r) are the radial
wave functions. The quantum numbglassumes the values ><_+(_1)<L’*L)/2

J1=3/2, which corresponds to a degenerdtg valence

band, and),= 1/2, which corresponds to the spin-orbit split [4—2|L—L'|—(L'=3L+2)(5L' —L+2)]
off ' band. It is obvious that just as in the case=, X 16:2 .
(Ref. 22, the states of the Hamiltonia(l) are classified

according to the values of the total angular momentumJust as in the limit of an infinitely large spin-orbit splitting of
F=1/2, 3/2, .., which is a good quantum number, and in the valence band€,the caseF =1/2 must be studied sepa-
what follows we shall designate them in the manner adoptedately. In this case, as follows from the addition rules for
in the spherical approximation in the liffitA=. Substi- angular momentum, the radial equation is a system of two
tuting the expression for the wave function into the Sehro coupled equations. The odd states vkt 1/2, which are of
dinger equation with the Hamiltoniail), we obtain the fol- interest to us, are described by the equations

lowing system of three coupled equations for the radial
functions F>1/2):

L 1— 2 d> 2 d  Ly(L;+1)
+W“ a2t rar T T 7

®)

2Z
(l+ILL)D+ T+ E Rl‘]l_ D\/?MR]_‘]ZZO,

r

27
D+ T+E_AJR1‘]2_D‘/2MR1J120' (6)

2B

d> 2L,+5 d
1+ dr

W+ r dr

2Z
+ —+E} Rig,t We note that the systems of equations for the radial wave
' functions, which describe the states of a “free” hole in a

(1,+1)(L,+3) spherical quantum dot, taking into account the finite magni-
+ e —

r Ly+23; tude of the spin-orbit splitting, and which are obtained from
2 Egs. (3) and (6) by settingZ=0 in them, were obtained
+u(L1de PP 1PIL,0)R 5, =0; earlier in Ref. 14. However, in Ref. 14 the operator em-

ployed in writing these equations was incorrect. The correct

_ 2Bu d? 2441 d Ly(Ly+2) form of this operator is
1+p%|dr? v dr r? F 2 21+1d I(1+2)

.
= +
Al dr? r o dr r?

+ul(L1+2)34] PP 1P|L,3,]R,

“

27
+—+E

292
Since we are interested in the dependence of the acceptor
states oM for all 0<A =<, it is interesting to follow the
limits A—0 andA—« for the equations describing these
states. It is obvious that a8—, the acceptor states are
R, +23,=0; described by the system consisting of the first two equations
in (3) and the first equation if6), where the radial function

— u(Lpdy| P12 L1J)RL 3, — wlL2J2| pP2.1) with the subscripd, must be set equal to zero. The equations

5 describing the state of the acceptor with-0 were obtained
d© 2d LyLp+1) in Ref. 22[Egs. (30a—(30d)], but here the following re-

aztrar T 12 marks must be made. First, in the syst&d from Ref. 22,

L 1-p? )[dz 2d (Ly+2)(Ly+3)

e ullam = ——
1+82H)ar2 " v dr r?

X(L1+2)I1]RL 429, F
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describing the state@(P,), ®(P,)=F;(r)|L=1, I=1, F
=2,F,)+G;(r)|[L=3,1=1,F=2, F,) the relative signs of
the radial functiong=5(r) and Gs(r) were not chosen cor-

rectly. This does not affect the calculation of the energies but
leads to incorrect results in calculation of the matrix ele-
ments. The correct equations for these functions are

1 > 2d 2\ 2 3 d> 7d 8
1*5*‘)(?*?&7)#* ‘Evﬁﬂ(w+ra‘r—z) Fa(r)

3 @2 3d 3 4 \[d® 2d 12| 2 [Gs(r)}: @
‘EVGM(W‘FWr—z) trEe (W*?E‘Fz)*?

In addition, it is important to note that the spin-orbit interac- Both the behavior of the solutions of E3) in the limit
tion removes the degeneracy of some states antl-a$, r—0 and the structure of the solutions are determined by the
the systems of equatiori8) and(6) for some different states roots of the equatidii®*
reduce to identical equations. A&—0, the systems of
coupled radial equationé3) and (6) decouple and reduce, detl'o(p)=0. (1D
correspondingly, to a system of two equations and one equan the case of Hamiltonians which are quadratic in the mo-
tion and as of two uncoupled equations. As-0, Egs.(3)  mentum, the solutions of E§11) are known exactly for any
reduce to the systeliT), for the radial functions of the lower dimension of the system of radial equatit.2° In our case
state withF=5/2, L,=L,+2=3 (2Ps;) and for the first of the Hamiltonian(1) the solutions of Eq(11) and, corre-
excited state withF=3/2,L,=L;=1 (3P3;). However, Eq. spondingly, the form of the solutions of Ed8) are different
(3), which describes the lower state with=3/2,L,=L;=1 for the two types of states. Indeed, since the Hamiltoiian
(2P3), and Eq.(6), also for the lower state witlF=1,  preserves the quantum number for the total angular momen-
L,=L,;=1 (2P,), reduce in the limiA — 0 to the equation tum and parity(we ignore weak effects associated with the
absence of a an inversion center in semiconductors with the
((1—,%)[ zinc blende latticg and the quantum numbdrassumes the
valuesJ,=3/2 andJ,=1/2, for a given value oF and par-
whose solution determines fdr=0 the radial function for fty the quantum numbet, equals eithe ~3/2 and then
the stated(P,)=F,(r)|L=1,1=1,F=1F,).%
3. As is obvious from the expressions for the matrix

L,=L;+2 orF—1/2 and therL,=L,. Using this property,
which follows simply from the addition rules for angular
elementg4) and(5), the equatior(3) can be represented in
the form

@ 2d
a2t rar 2 Fa(r)=0, (8

2
+o+E

momentum, and explicit expressions for the matrix elements
(4) and(5), it is easy to see that in these two cases Egjs.
differ somewhat and they must be studied separately.

a L;=F—-3/2, L,=L;+2. In this case the operators
acting on the function®,_ ., ; andR_;, which determine
the behavior of the functions in a neighborhood ef0, i.e.,
where w, pg, and g; are constant 33 matrices, and operators of the form
R=R(r) is a three-component vector function. The most im- 2 ad b
portant feature of the problem at hafjdst as other problems PL(r)=——>+ R _;
leading to a solution of equations of the typ®] is the dre - rdror

presence of singular points in the multicomponent radiahye jdentical to within a constant. The nonnegative solutions

Schralinger equatior(9). Since we seek the solution of Eq. of Eq. (11), which correspond to solutions of E(@) that are

(3) on a finite interval of variation of, in our case there is regylar atr=0, will then bep,=p,=L;+2, ps=L,, and

only a regular singular point at=0. A numerical—-analytical ~ he solutions of Eq(3) will have the form

method for constructing all solutions from the fundamental

system of equations of the tyg®) was developed in Ref. 21

(where equations of a more general form are studiedan

arbitrary finite dimension of the equations in the case of gen-

eral matricesv, pgy, andq;. In our case of simple matrices

of coefficients, using the result of Refs. 20 and 21, we can R(S):rp3k20 Rk +(K,RY+K,R?)Inr,

immediately write all solutions from the fundamental system N '

of solutions of Eq.(3). where the coefficientR(k') and the constantk, , are deter-
We define the following sequence of matrices: mined from the recurrence relations

d’R dR
Wrzd—rz + por ar +(go+asr +q,r)R=0,

©)

(12

R(]-):rplz R(kl)rk, R(Z):rpzz R(kz)rk,
k=0 k=0

[’

(13

F'v(p)=w(k+p)(k+p—1)+po(k+p)+Qo,
k=0,1,... (10
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k=1,2,..(R=0/<0); (143 It is obvious that Eq(6) can also be represented in the
@ form (9) with the corresponding 2 2 matrices, but its solu-
[o(p3)Ry7=0, tions differ from those obtained in Ref. 16. Since in this case
Eqg. (11) has degenerate roots that are regular a0, the
I'1(pg) R +0;RY=0, 9. (11 J : guar :
solutions of Egs(6) do not contain a logarithmic function

Fk(ps)Rﬂg)ﬂL%R@ﬁQ2R@2+{2(Ps+k)+%— 1} and have the form

(1) (2) — *
X(KqR KR, +,,)=0, k=1. (14D RO=rry Rk R@=rr2> Rtk (17
k=0 =0

k—pi+p3
We note that the recurrence relations for the coefficigjts
and R{? are identical but the solutionB§"? of the first  where p,=p,=1. The coefficientsR(*? are determined
equation in(14g are chosen to be linearly independent. from the recurrence relations
b) Li=F—1/2,L,=L,. In this case the operatof42)

acting onR_; andR, ; are identical to within a constant. Io(p)R§?=0,
The solutions of Eq(3) that are reqular at=0 correspond
to the roots of Eq(11) p;=L;+2, p,=ps=L,, and the I (p)RE?+0a1RET +0,REZ=0,
solutions have the form
. k=1,2,..(R=0]<0), (18
RY= rplkzo RV, where two linearly independent solutions of the first equation
- in (18) are chosen.
* As we have proved in Ref. 21, the power series in Egs.
R@=rr2> RZrk+(K,R)Inr, (13), (15), and (17) have an infinite convergence radius.
k=0 Therefore, the expressionf$3)—(18) completely determine
* the wave functions of all states of the Hamiltonidn both
R®=rrs> R+ (KsRW)Inr, (150  in the volume of the semiconduct¢see Ref. 2pand in the

guantum dot, and to calculate the energies of the levels and
where the Coefﬁcient@(ki) and constant, ; are determined the wave functions of the acceptor it is only necessary to

from the recurrence relations satisfy the corresponding boundary conditions. We note that
these expressions determine the acceptor wave functions not
Lo )R(l)=0 . . . . .
olp1)ig ; only in a spherical approximation, but also when account is

taken of the irregularities of the valence bands to first order

(1) (1) (1) _
Fi(p) R+ 1R +02R=,=0, in the “irregularity” parameterd=(y3— y,)/y;, to which

k=1,2,..(R=0/<0); (169 the terms of cqbic symmetry,'which are added to Eq.
when the cubic symmetry is taken into account, are
To(ps)REP=0, proportional*®?2Indeed, in this approximation the irregulari-
23 23 _ ties have no effect at all on states wih<5/2 and lead to
I'1(pa)R™ +a:1R;=0, splitting of states with-=5/2 (since dipole transitions from

the ground state into states wi>5/2 are forbiddert® we
shall not consider themThe wave functions are now char-
—1}K23Rf<1,)p +.=0, k=1. (16b) acterized according to one of the representatibmsl'y ,
’ 2 I'7, andI'g of the groupT4X C; of the Hamiltonian and the
We see that the recurrence relations for the coefficiBfts  state Py, of interest to us splits into the stated’@ and
andRY) are identical, but the solutions of the first equation1I'; . However, the equations for the radial functions of
in (16b) for Rgm) are chosen to be linearly independent.  these states have the previous fdi3j except with different

T'(pa)RED+ a1 RZY + qaRE3+{2(ps+k) +do

TABLE |. Energy levelsE and oscillator strengthfs of optical transitions from the ground state into excited states of a shallow acceptor in a quantum dot as
a function of the spin-orbit splittind. ©=0.8, Ry=3.

A E(Z=0) E(1S3) E(2P3) f E(3P3) f E(2Ps») f E(2P,) f

0 0.449 -3.22 -1.25 0.041 —0.663 1.75 —0.663 15.8 -1.25 0.008
0.1 0.464 —-3.21 —-1.23 0.065 —0.607 1.79 —0.646 15.8 —1.18 0.020
0.5 0.511 -3.17 -1.19 0.151 -0.371 2.53 —0.595 15.8 —-0.921 0.126
1 0.548 -3.12 -1.17 0.217 —0.255 2.52 —0.558 15.7 —0.608 0.390
2 0.592 —3.05 —1.14 0.265 —0.205 231 —0.520 15.9 —0.028 1.54
3 0.616 —3.00 -1.13 0.274 -0.177 2.34 —0.502 16.2 0.476 2.95
5 0.644 —2.92 —-1.12 0.269 —0.147 2.42 —0.485 16.9 1.22 6.91
10 0.672 —2.81 -111 0.245 -0.117 2.56 —0.469 18.1 2.01 13.2
0 0.677 —2.57 —1.10 0.21 —0.073 2.90 —0.450 20.5 2.78 21.3
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TABLE Il. Energy levelsE and oscillator strengthf of optical transitions from the ground state into excited states of a shallow acceptor in a quantum dot
as a function of the spin-orbit splitting. ©=0.8, Ry=1.

A E@Z=0)  E(1Sy)  E(2Ps) f E(3Ps2) f E(2Ps) f E(2Pyy) f
0 4.04 —-1.52 0.076 x1074 4.76 1.79 4.76 16.1 0.076 1075
1 4.19 —-1.42 0.228 x10°® 5.30 2.50 4.92 16.2 0.738 0.015
5 4.64 -1.16 0.639 0.001 6.79 7.26 5.15 16.5 3.29 0.479
10 4.99 —0.999 0.927 0.004 7.31 8.30 5.24 17.1 6.27 1.85
20 5.38 —-0.854 1.23 0.010 7.72 8.65 5.29 17.8 11.4 6.20
50 5.84 —-0.720 1.55 0.023 8.15 9.09 5.32 18.5 21.0 21.4
100 6.08 —0.659 1.72 0.034 8.37 9.33 5.33 18.8 26.8 34.0
o0 6.09 —-0.58 1.95 0.05 8.69 9.66 5.35 19.1 32.6 45.8

constant coefficients in front of operators of the ty{@i2), The expression§l3)—(18), as before, are exact solutions of
and just as for the R, state their solutions are given by Egs.(3) and the coefficients in front of the logarithmic terms
Egs.(13) and (14). in Egs.(13) and(15) vanish—they are proportional @.%°

In the case of an acceptor in a quantum dot, the bound- 4. Knowing the wave functions of the acceptor, it is easy
ary conditions must be satisfiedrat Ry, i.e., it is necessary to calculate the oscillator strengths of the transitions between
to find energie€ and linear combinations of solutions such impurities. Since the system under study is spherically sym-
that R|r=RO=O. This is most conveniently done as follows. metric, the oscillator strengths of the optical dipole transi-
We construct from the solutior@3) or (15) (depending on tions between the bound statesandb of the acceptor in a

the state of interesat the pointR, a 3X 3 matrix A quantum dot are given by the standard expression valid in
1 o) o the volume of the semiconduct®t:
A(E)I(R( ),R( ),R< ))r:RO_

Then the procedure for calculating the energies of the levels 2my E,—E, & %

in some intervalE’,E”] reduces to solving the equation f(a—b)= 72 2 2 [(€ 1) mnl?. (29
detA(E)=0 numerically by “ranging.” If for someE=E, Y1 Ga m=1n=1

the condition deA(Ey;)=0 holds, then

(RY),_g,= a1 (R?) _p + ap(RY),_g,,

HereE,, E, andg,, g, are, respectively, the energies and

degeneracies of the levedsandb, ande is a unit polariza-

where the constanta; , correspond to the eigenvalug,. tion vector of the radiation. The coefficient in front of the

Then the normalized solution, which corresponds to this endouble sum in Eq(19) is determined by the sum rule for

ergy and which satisfied the boundary conditions will haveoscillator strengths for acceptor impurities, which depends

the form only on the single Luttinger parametgr?>*8and equals 1, if

energy and distances are measured, respectively, in the units
¢(N=C(RY~a;R®~a;R?), R, anda, just as in Eq(1). Then, substituting into Eq(19)

and the constan€ is determined from the normalization the expressiori2) for the wave functions and applying the

condition Wigner—Eckart theorem and the orthogonality of thg 3

Ro symbols, we obtain

f (¢ p)dr=1.

0 2

E,—E
30 |2 (LadaFalrLodoFo) . (20
a (L

We note that in this approach the calculation of the en- f(a—b)=
ergy levels and wave functions of a “free” hole in a quan-
tum dot, i.e., a hole in the absence of an acceptor in the well,
is comlpetely analogous. We now must Zet0 in Eq.(3).  where the reduced matrix element is

TABLE lll. Energy levelsE and oscillator strengthk of optical transitions from the ground state into excited states of a shallow acceptor in a quantum dot
as a function of the spin-orbit splitting. ©=0.5, Ry=3.

A E(z=0) E(1S3)) E(2P3) f E(3P3) f E(2Ps) f E(2Py) f

0 1.03 —-1.35 —0.222 3.20 0.621 4.32 0.621 38.9 —0.222 0.640
0.1 1.03 —1.34 —0.207 3.46 0.692 4.09 0.629 39.0 —0.156 0.826
0.5 1.04 -1.33 —0.165 4.19 0.989 3.56 0.654 39.4 0.095 1.83
1 1.04 —-131 —0.136 4.67 1.35 3.85 0.675 40.0 0.377 3.673
2 1.04 -1.29 —0.108 5.06 1.71 4.72 0.701 40.8 0.829 8.77
3 1.04 —1.28 —0.095 5.20 1.75 4.06 0.715 415 1.14 14.3

5 1.05 —-1.26 —0.081 5.30 1.78 3.70 0.730 42.4 1.50 22.6
10 1.05 1.23 0.069 3.32 1.79 3.48 0.746 43.6 181 30.7
o0 1.05 —1.19 —0.054 5.3 1.81 3.22 0.76 45.6 2.10 37.7
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TABLE IV. Energy levelsE and oscillator strengthf of optical transitions from the ground state into excited states of a shallow acceptor in a quantum dot
as a function of the spin-orbit splitting. ©=0.5, Ry=1.

A E(Z=0) E(1Ss) E(2P3p) f E(3P3p) f E(2Psp) f E(2P1) f
0 9.29 3.49 6.30 2.85 14.6 4.36 14.6 39.3 6.30 0.570
1 9.30 3.51 6.46 3.13 15.3 4.04 14.7 39.6 6.96 0.830
5 9.34 3.58 6.87 3.92 18.3 3.23 14.9 40.5 9.46 2.33
10 9.36 3.63 7.16 4.43 21.8 3.01 15.0 41.2 12.2 5.12
20 9.38 3.69 7.43 4.87 24.7 2.33 15.1 42.1 16.3 12.3
50 9.41 3.76 7.70 5.20 25.2 1.66 15.3 43.1 22.0 28.2
100 9.42 3.79 7.82 5.32 25.4 1.54 15.4 43.6 24.3 35.9
o 9.44 3.84 7.98 5.4 25.4 1.46 15.4 44.3 26.6 41.9
(LadaFallrlILpdFp) = 5‘]a‘]b(_ 1)Fetdtlati(2F +1) spherical approximatio??. It should be noted that, as shown
in Ref. 14, in small-radius quantum dots in the case of large
" L, J Fp B and sufficiently smallA inversion of the order of the- and
X(2Fp+1)] F, 1 L, p-type free-hole states can occur. Indeed, in our calculation

with ©=0.8 in a quantum dot with radiuRk,=3 and
X(L4llrfLp)- (2)  0=<A<12 and in a dot with radiuR,=1 and 0<A<103,

Since some different excited states become degeneralg® Pottom quantum-well level of a free hole is the state

(they are described by identical equations; see Sein the P32, While for large A and in the caseu=0.5 for all
limit A—0, it is interesting to determine how the oscillator 0= A=< the bottom quantum-well level is the stag),.
strength, which corresponds At=0 to a transition into a Inversion of the acceptor states does not occur for any of the
given degenerate state, is distributed between transitions inRA7ameters investigated, as is evident from the tables and
the excited states which make up the oscillator strength iffom the figure, which shows the computational results for
the limit A—0. A direct calculation from Eqg20) and (21) the energies of Fhe lower levels of a f.ree hole and acqeptor
shows that the oscillator strength of a transition from thelevels as a function of the _sguared reciprocal of the radius of
ground stat€1S, in the notation of Ref. 22A=0) into the & quantum dot for the “critical” values\ =0 and x=0.8,
excited state P, is divided between the transitions when inversion of the order &f p type hole states occurs for
1S5(1T)—2P3(1l5) and 1Sg(17)—2P(11'5) all finite dot radii. It is evident from the tables that the ratios
asA—0 in the ratio 5:1, and the oscillator strength of the obtained abovéSec. 4 between the oscillator strengths in

transition into the state 2, is divided between the transi- the limit A— 0 hold exactly in the numerical calculation. It is
tions 1S3 (1T ) 2Pe(2T 5 +1T5) and also evident that the energies of both the ground state and a
183/2(1Fg)%3|33/2(31~8§) in the rati(fg:l. |-7|ere the symbols number of the excited states of the acceptor are virtually

in parentheses designate the states into which the given stat@dependent ok even for small radii of a quantum dot, but
transfer when the irregularities are taken into account. in this case the oscillator strengths of the transitions can

5. The computational results for the energy levels andthange substantially—by several orders of magnitude. The
oscillator strengths of optical dipole transitions from the COMputational results show that the spin-orbit interaction

ground state into odd excited states of a shallow acceptor 10t strongly affects the energy spectra and oscillator
a spherical quantum dot as a function of the spin-orbit split-
ting A of the valence bands are presented in Tables I-IV.
The A-dependence of the ener§y(Z=0) of the lower level ]
of a free hole is also presented hésecond column in the 5
tables. In the tables, the energies are indicated in unitR pf 4
and oscillator strength in units of 16. We have calculated 3k - i)
2
1
/)

T
~
\
\
\

T
\
\
Y
\

these quantities for different values of the radius of the dot
and the parametet. This makes it possible to estimate them
for acceptors in quantum dots consisting of different materi-

rrvryyrrrrrvrrzy
; \
o
\
\
\

als. Indeed, in a spherical approximation the parameters _ _.— =T
andA in dimensionless units completely characterize the va- -1 B 3

lence band of the semiconductor; this is evident from, in -2

particular, Eqs(1) and(3). It should be noted that the ratf® -3 ——
of the heavy- and light-hole effective mass&s band is 0 0.2 04 0.6 08 10
expressed only in terms oft. B=(1+u)/(1—w). The _ 7/&’

tables give the most interesting computational results for

u=0.8 and 0.5, which are characteristic of many semiconf!G- '1. EnergiesE of the onver levels of a frge hole and acceptor as a

ductors. andR=1.3. The correspondina data obtained infunctlon of the squared reciprocal of the radiRg of the quantum dot.
o 0 P g u=08, A=0. 1—S,(Z=0), 2—P,(Z=0), 3—1S,, 4—2P,, 5—2P,.

the limit A= in Ref. 16 are also presented here. The state$he energyE is given in units ofR, and the radiuR, of the quantum dot

in the tables are designated in the manner adopted in the given in units ofa.
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AMORPHOUS, GLASSY, AND POROUS SEMICONDUCTORS

Photoluminescence of porous gallium arsenide
D. N. Goryachev and O. M. Sreseli
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(Submitted June 10, 1997; accepted for publication June 11,1997
Fiz. Tekh. Poluprovodr3l, 1383—1386November 199y

Photoluminescence in the visible and infrared regions of the spectrum is investigated for porous
gallium arsenide prepared by the electrolytic or chemical etching of GaAs. The IR

luminescence band of porous GaAs is shifted from the maximum for crystalline GaAs into the
long-wavelength region of the spectrum and has a greater width. All the samples are
characterized by a broad emission band in the visible region; the intensity and shape of the band
depend on the layer preparation conditions. Two maxima are discernible in the band in the
vicinity of 420 nm and 560 nm. An explanation is given for both the visible luminescence and the
modification of the IR band of porous GaAs. It is concluded from a comparison of the

visible luminescence of porous GaAs with emission from hydrated oxides of arsenic and gallium
that the visible-range luminescence of porous GaAs, especially when prepared by chemical
etching, is determined in large measure by the presence of oxides. Considerations are set forth as
to ways of creating quantum-size formations on the surface of GaAs19€r American

Institute of Physicg.S1063-782807)02511-§

INTRODUCTION performed either in a 1.0 N HCI solution or in a 40% HF

: . 0 " -
The escalation of research on the photoluminescenc?aOIUtlon with a 1% HNQ additive. In some of the experi

i . o . ments the samples were illuminated by white light from an
properties of porous silicofpor-Si) in recent years, begin- . : :
ning with the work of Canharhholds encouraging prospects incandescent Ia.mp. For the chemical etchingodfpe and
. . ) . ) > ntype GaAs withn,p=10'-10"cm 3, 65% HNQ, was
for many investigators seeking an inexpensive, relatively

simple, and ultimately a universal technique for the preparal—Jsed’ in some cases with concentrategs@} additives to

. ! : ) : bind water or acetic acid as a means of slowing down the
tion of low-dimensional semiconductor materials. The role

of quantum-well effects in the evolution of at least part of theetChIng Process. After_etcr_ung, the samEIes were carefully
\gashed in water and air-dried at 30—40 °C.

photoluminescence spectrum was in fact first demonstrate ) .
Photoluminescence was stimulated by laser pulses of

in the example opor-Si. Mqre recently, attempts have been wavelength A =337 nm, duration 10ns, and frequency
undertaken to create similar porous layers by electrolytic

i . o I3100 Hz. The photoluminescence spectra were measured at
etching on binary and more complex materials: GaAs, Ga : .
room temperature by means of a computerized system using

2-5 .
etc.~>We have not found any published data on attempts tg n MDR-2 monochromator. The radiation detectors were

Lc;r;nd sel)r(?élﬁ;ij(tarlucftgrr(:ﬁebyré:h;rgtlic;a::p(;t(r:g?g, which is alsophotomultipliers of the type RB-79 (visible range of the
y brep ' %pectrurm and FBJ-62 (IR range.

Existing accounts of research on the photoluminescenc
spectra of porous layers on GaAs are highly conflicting. Fo
example, Schmuket al2® report a slight short-wavelength
shift of the infrared maximum of porous GaAgor-GaAs, In the electrolytic etching of n-type GaAs
whereas Lebedev and Rdddeny the existence of such a (n=1.4x10¥ cm™3) in HCI solutions, beginning with a
shift. Substantial disparities are observed in the positions ofurrent densityJ~5 mA/cn?, a dark, dense film forms on
the visible photoluminescence maximuiig. 1). Finally, the surface of the sample, firmly bonding with the substrate.
nothing is really known about the nature of visible photolu-At higher current densities the layer breaks up and disperses
minescence. In principle, it can be characterized either aito a fine powder even while electrolysis is still in progress.
quantum-well effects or as the presence of new chemicalhe replacement of the solvefwate by an alcohol-water
compounds on the sample surface. mixture (1:1) lowers the “dispersal” current threshold by

We have investigated the photoluminescence of surfaceoughly one half.
layers formed by electrolytic and by chemical etching of  Instead of a thick layer, only inhomogeneous thin films
GaAs. form onn-GaAs withn=1x 10 cm™2 over a wide range of
current densities in darkness.

An electrolyte composition containing HFHNO;
forms a thin, dark film on the surface of GaAs only a few

Electrolytic anodic etching oh-type GaA$100 with  seconds after immersion of the sample in the solution at zero
carrier densities from X 10 cm 2 to 8x10" cm 3 was  current, i.e., the electrolyte acts as a chemical etchant. Sub-

IiEXPERIMENTAL RESULTS AND DISCUSSION

EXPERIMENTAL CONDITIONS
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T v T v r v r region of the spectrurfFig. 33. The intensity and shape of
4 the band depend on the conditions of preparation of the lay-
\, ers. The “chemical” layers, despite their thinness, have the
S highest intensity. Their photoluminescence occurs predomi-
AN N nantly in the IR region of the spectruff¥ig. 3a, curvel).
N ‘\ 1 The “electrolytic” layers are characterized by a double-
N N humped curve with a more pronounced short-wavelength
~ | maximum(Fig. 3a, curve and3).
\ In analyzing the nature of the photoluminescencpart
N GaAs, it is essential to bear in mind that the etching of binary
semiconductors is a far more complicated process than the
i etching of simple substances, especially silicon. This diffi-
culty stems from the very high degree of ionicity of the lat-
. . A tices of binary semiconductors and from the difference in the
700 800 rates at which two different semiconductor components enter
into solution. As a result, the surface of the sample is en-
Wavelength, nm riched with a preponderance of one element, usually in hy-
FIG. 1. Visible photoluminescend®L) spectra ofpor-GaAs.1) From Ref. drated O.X.Ide form. The degree of .en“Chment depends on t.he
3; 2-3) from Ref. 4(different samples composition of the etchant and, in the case of electrolytic
etching, on the electrolysis regime as well. It is also possible
for oxides to form during the sample washing and drying
sequent electrolysis in this medium produces tiiokGaAs ~ stage. The physicochemical properties of such formations
|ayers as in the case of e|ectr0|ysis in HCI solutions. differ from those of the untreated semiconductor. Conse-
Finally, chemical etching results in the formation of ho- quently, the luminescence characteristics of its surface can
mogeneous, thin, dark layers, whose thickness is essentialglso change.
independent of the etch time. All the prepared layers are  To discern the nature of the possible influence of oxides
characterized by the presence of photoluminescence in the 1 the visible photoluminescence gbr-GaAs, we have
region of the spectrum, near the emission band of the sulbmeasured the photoluminescence spectra of hydrated arsenic
strate. The same IR emission band is observed in the spectéad gallium oxides prepared by chemical means not on the
of free (detached from any substratidms and in powdered surface of GaAsFig. 3b, curvest and5, respectively. The
por-GaAs. These observations, together with published respectral intensities observed here are very similar to the vis-
sults of x-ray and microscope examinatiénimdicate that ible photoluminescence bands pbr-GaAs. The following
the layers obtained by electrolytic etching are porous formaeonclusions can be drawn from a comparison of these curves
tions consisting mainly of GaAs. For all the layers grown onwith the spectra ofpor-GaAs layers prepared by diverse
substrates witln=10'"® cm 2 the IR peak is observed to methods. The photoluminescence of chemical layers is deter-
shift into the long-wavelength region of the spectrum, andmined in large measure by the presence of gallium oxide on
the photoluminescence band broadéRi). 239. The same their surface, consistent with well-documented data which
shift of the peak, but without broadening of the band, isshow that predominantly gallium oxide is formed on the sur-
observed for samples with=10'® cm 3 (Fig. 2b. All the  face of GaAs subjected to chemical etching in strong HNO
por-GaAs samples exhibit photoluminescence in the visiblesolutions® The surface oxidation gfor-GaAs in electrolytic
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FIG. 4. Photoluminescence spectrapui-GaAs (chemical layers 1) Be-
fore sulfidation;2) after sulfidation.

in other words, to growth of the tails of the density of states
in the bands. The fluctuations arise both from the large cur-
vature of the inner surfaces of fipor-GaAs formations and
from the generation of surface defects and irregularities as a
result of selective etching. As the tails of the bands become
larger, the energy of the emitted photons decreases, and the
photoluminescence maximum is observed to shift into the
Wavelength, nm long-wavelength region, i.e., toward lower energies. Radia-
tive recombination between the band tails also accounts for

FIG. 3. Visible photoluminescence spectra of:par-GaAs layers; b hy- . .. . .
drated oxides1) “chemical” layer: 2) “electrolytic” layer, HF+ HNO, the broadening of the emission band in lightly doped

electrolyte; 3) the same, HCL electrolyte4) As,O;-nH,0O; 5) Ga0s samples.
-nH,0.

CONCLUSIONS

etching is less pronounced than in chemical etching; both We have described the preparation of porous gallium
oxides are formed, but with a preponderance of arsenic oxarsenide layers by electrolytic and chemical etching of the
ide, as is also confirmed by published data. semiconductor. On the basis of an investigation of the pho-
We have conducted experiments on the removal of oxtoluminescence spectra we have concluded that the prepared
ides from the surface opor-GaAs by chemical means. layers comprise GaAs crystallites having well-developed sur-
Newly formed oxides of both Ga and As are known to dis-faces and surrounded by a large quantity of hydrated gallium
solve slightly in alkali solutions wittppH 12—-14. For the and arsenic oxides. Quantum-well effects in the photolumi-
latter we used 1N NZO; or NaS solutions. We discovered nescence of porous GaAs layers have not been observed in
that the intensity of visible photoluminescence decreased bthe present stage of our experimental work. The visible pho-
more than an order of magnitude after such treatment ofoluminescence of the porous layers, particularly those pre-
chemicalpor-GaAs layerqFig. 4), corroborating the forego- pared by the chemical etching of GaAs, is largely attribut-
ing conclusions. The IR emission intensity, conversely, in-able to emission from hydrated oxides of gallium and
creases after the oxides are dissolved in®@; solution  arsenic. This fact indirectly confirms the previously stated
and is still further enhanced by immersion of the sample inconclusion regarding the special mechanism underlying the
N&S solution for 5—10 s. Similar results are obtained in theformation of low-dimensional structures on silicon in con-
removal of oxides directly in N& solution. The enhance- nection with its unique chemical properti&siowever, our
ment of IR emission after treatment in p& solutions is observed appreciable reduction in the crystallite dimensions
attributable to the well-known passivation of the surface ofwith the introduction of alcohol into the electrolyte and the
GaAs after sulfidatiorh. The influence of this treatment on implementation of additional measures for passivation of the
electrolytic layers is much weaker. The nature of the repor-GaAs surface foster the belief that quantum-well effects
sidual, weak, visible luminescence pbr-GaAs after disso- will eventually be detected opor-GaAs.
lution of the oxide needs to be studied further. This work has received partial support from the Russian
The variation of the characteristi¢dR) photolumines- Fund for Fundamental Resear@RFFI Grant 96-02-17903
cence of GaAs during the formation of the porous layer carand the Ministry of Science Program “Physics of Solid State
be attributed to large band-edge fluctuationpan-GaAs or,  Nanostructures’(Projects 96-1012 and 97-1035
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Polarization memory in an oxidized porous SiC layer
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Polarization and polarization memory of pulsed photoluminescence are observed on porous
layers prepared on microcrystalline, cubic SiC films deposited on silicon substrates. The porous
layer is oxidized by electrochemical means. A qualitative model is proposed to account for

the mechanism underlying the onset of polarization of photoluminescence for linearly polarized
excitation. © 1997 American Institute of PhysidS1063-782807)02611-3

Porous nanodimensional semiconductor materials are aln our opinion, this consideration diminishes the likelihood
luring to researchers for the possibility of observing strong,of the given explanation.
wideband photoluminescence resulting from quantum-well  The investigation of porous SiC from the standpoint of
effects in nanocrystals. Studies of the polarization and polarthe above-stated problems has important bearing on the issue
ization memory of photoluminescence in porous Siof the existence of polarization memory and its characteris-
sample$™ have enabled investigators to draw conclusiongtics. The existence of polarization memory has never been
about the crystallite geometridthe model of more or less discussed in any of the papers published to date on porous
prolate ellipsoidsfor a particular material preparation tech- SiC (Refs. 9—13. On the other hand, the investigation of this
nique, and also about the distribution of crystallites in theproblem could help to resolve the question of the existence
formation of porous layers on various crystallographic planesind geometry of nanostructural crystallites responsible for
of the original material. However, the theoretical model sethe onset of quantum-well effects in photoluminescence.
forth in Ref. 3 to describe the mechanism underlying theSpecifically, in Refs. 9—13 the spectral maximum of the ob-
origin of the polarization of photoluminescence is purelyserved radiation from porous layers occurred in the interval
classicalrandomly arrayed ellipsoidal crystallites in the field 2.45—-2.6 eV. Since the given layers were prepared ldn 6
of a light wave and does not account for either the spectralSiC crystals, whose band gap has a width of the order of
or the time dependence of the degree of polarization of pha3.1 eV, it has been concludEdthat the appearance of the
toluminescence. given photoluminescence band is attributable to the forma-

Polarization memory has also been observed in severdion of defects during anodic etching of the crystal. In our
amorphous semiconductors such aSi;_,C,:H, a-C:H,  previous work***we have advanced the hypothesis that the
and a-As,S; (Refs. 5—7. The authors of the cited papers nature of the given luminescence is associated with nanodi-
attribute the nature of the phenomenon to the presence ofiensional layers of a cubic phase, which appear at the void
small clusters having a narrower-gap composition and residsoundaries during electrolytic etching of the hexagoridl 6
ing in a matrix of a wider-gap material. This is the case, forSiC used to create the porous layer. The broadening of the
example, ina-C:H (Ref. 6 or aSi;_,C,:H (Ref. 5, where photoluminescence band toward shorter wavelengths,
clusters incorporating graphite-likes?) carbon bonds are achieved by varying the conditions attending the preparation
built into a structural grid matrix witls p> carbon bonds. The of the layer, can be linked to quantum-well effects in this
authors believe that if photoexcited pairs are localized incase, but now in cubic crystallitéghe width of the band gap
small crystallites, polarization memory can persist for a longof bulk 3C-SiC isEg=2.3 eV).
time, so that the emitted photoluminescence is polarized. Pursuant to the discussion in Ref. 15, we have under-
Consequently, polarization memory ostensibly reflects théaken an investigation of porous layers prepared from cubic
degree of localization of photoexcited carriér. is sug-  polycrystalline SiC films grown on silicon substrat8sThe
gested in Ref. 5 that the primary cause of the polarizatiodayers were coated with an oxide film by an electrolytic pro-
dependence of photoluminescence is anisotropy of the vaess in an aqueous HCI solution for passivation of the reticu-
lence bonds, because the valence bond of amorphous SiClaed porous surface. Strong, very wideband photolumines-
made up of Si and @ orbitals. In essence, therefore, this cence is observed in this case, its short-wavelength edge
interpretation characterizes the phenomenon of “alignment”attaining 3.4—3.5 eV.
of nonequilibrium carriers, investigated in bulk crystalline Anodic oxidation of the surface of a porous layer was
semiconductors of the GaARef. 8 and Ga_,Al,As type.  also used repeatedly in the preparation of porous Si samples
In the latter material, however, polarization is observed onlyemitting in the blue-green regioth ¢,,,,,= 2.4 eV). The pho-
for “hot” photoluminescence, because the emission of a fewtoluminescence intensity increased by several orders of mag-
phonons is sufficient to eradicate polarization memory. Anitude in this case. However, in the earliest studies the phe-
fairly high degree of polarization has been recorded for thexomenon was thought to be associated with passivation of
photoluminescence of thermalized carriersai®iC, and it  the surface layéf and a significant reduction in the surface
was found not to have a very strong dependence either on tlrecombination rate, whereas the authors of later pajsers
exciting photon energy or on the luminescing photon energye.g., Ref. 18 concluded that the emission sources exist in
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the oxide layer or at its interface with crystallites. This con-only the photoluminescence spectra, but also polarization
clusion was based on investigations of time-resolved spectnmemory effects and the emission-wavelength and time de-
and also the kinetics of photoluminescence at various excitpendence of the degree of polarization.
ing photon energies. The polarization characteristics of the
photoluminescence were not |nv_est|.gated in Ref. 18. HO.WEXPERIMENTAL PROCEDURE
ever, the very presence of polarization memory, along with
the dependencgiffering considerably for different crystal- The sample for the photoluminescence investigations
lographic planes of $iof the degree of polarization on the was excited by a pulsed nitrogen laser bedm= 3.68 eV}
direction of polarization of the exciting radiatiqan inves- with a pulse duration of 10 ns and a repetition rate of
tigation of these characteristics for porous Si is reported irb0 pulses/s. The emission specffég. 1) were analyzed by
Ref. 19 indicates that the main source of emission in themeans of a DFS-12 dual spectrometer and abJ+H pho-
oxidized layers of porous Si lies in geometrically anisotropictomultiplier. After wideband amplification and synchronous
nanodimensional crystallites. detection with a 4-ns gate the signals were fed into a com-
In the present study, therefore, we have investigated nqtuter. To measure the polarization characteristics, a film ana-

1197 Semiconductors 31 (11), November 1997 Danishevskii et al. 1197



TABLE I.

° T,K  PeakNo. hvya,€V  Ahv,eV g, arb.u. T, arp. u.
:; 90 1 3.12 0.447 78.07 43.74
2 2.727 0.679 83.76 71.26
. 300 1 3.081 0.486 54.68 33.29
2 2.626 0.483 33.66 20.39
v
18t 300 50 100 150 200 Note: Herehv,,,, denotes the position of the [uminescence pedky 1S
e, grad its width, |,y is the luminescence intensity Bi/,,, andT is the
16t ° total photoluminescenc@rea under the calculated spectral cuyves
> o g °
14 ° o v
QU v measurements, whereupon the photoluminescence signal
° % v . changed only slightly with time.
121
v
1ot EXPERIMENTAL RESULTS AND DISCUSSION
v . . .
Figure 1 shows photoluminescence spectra obtained
ar v from the experimental sample @t=90 K (a) and 300 K(b)
at a time corresponding to the maxima of the excitation and
6 photoluminescence puls€the maxima of these pulses and
their transient decay characteristics — see the inset to Fig. 1a
4= L - . 4 4 — essentially coincide within the time-resolution limits of

22 24 z'GM z'gv 30 3z 34 the recording system, of the order of 15.n$he indicated

spectra are quite similar and are well described by two
FIG. 2. Spectral dependence of the degree of polarization of photolumined>@ussian profiles with maxima at energies in the vicinity of
cence of porous SiC at two temperaturesT=90K; 2) T=300K. Inset: 2.7 eV and 3.1 eV. However, the parameters of the profiles
Photoluminescence intensith £,.,=2.88 e} versus angle of rotz?\t_ion of (see Table)l differ appreciably for the two temperatures at
the half-wave plate for two mutually perpendicular analyzer positions. which the spectra were obtained.
The temperature shifts of the peaks differ significantly:
0.101 eV for the longer-wavelength blue bafulirves?2 in
lyzer was placed in front of the spectrometer entrance slitFigs. 1a and 1pand 0.039 eV for the shorter-wavelength
and a Glan prism and half-wave phase filter were inserted iwmiolet band (curves ), implying a difference in the basic
the path of the exciting beam. Rotation of the polarization ofphysical nature of the particular system of emitters. The tem-
the laser beam induced rotation of the polarization plane operature variations of the widthhv and amplitudd ,,, of
photoluminescence, causing the photoluminescence intensitiiese profiles also differ markedly. Asis lowered, both the
to be modulated after passage through the analyzer. The anamplitude and the width of band@ increase substantially,
lyzer was then rotated 90°, and the photoluminescence intemwvhereas the amplitude of the short-wavelength banid-
sity was again measured as a function of the angle of rotatiooreases insignificantly, and its width changes only slightly.
of the phase plate. The inset in Fig. 2 shows typical plotsThe relatively weak temperature dependence of bardi-
which can be used to determine the degree of polarization afates a localization of excess carriers contributing to radia-
the photoluminescence at a given wavelength. The gap beive, probably “geminate,” recombination, and the energy
tween the central lines of the two sine curves is associatedharacteristics reveal the major role of quantum-well effects.
with the polarization dependence of the spectrometer sensi- Figure 2 shows the dependence of the degree of polar-
tivity. ization p on the photoluminescence photon energy at
The measurements were performed on a porous layéF=90 K and 300 K. At the maximum photon energy
prepared on a polycrystalline film of cubic SiC of thickness(3.4 eV) the maximum degrees of polarization are recorded
2.15um, which was deposited on a silicon substrate. Thefor both temperatures. They gradually decay from 0.23 to
as-prepared film was far from stoichiometric. The width of0.13(at 300 K) as the emitted photon energy decreases from
its band gap, determined from edge-absorption spectra, was4 eV to 2.2 eV, with a higher value pfat 300 K, and they
equal to 1.76 eMRef. 16. The anodic etching of the film decay more slowly. At 90 K the decay is not fully mono-
was performed in a water-alcohol solution of HF for 1 min. tonic.
The porous layer which was obtained was then electrochemi- The sum-total of several factors — the comparatively
cally oxidized in an aqueous solution of HC1 for 8 min. The weak temperature dependences of the degree of polarization
oxidized films were highly luminescent when observed in aand the amplitude of the broad band distinguished in the
Lyumam R-2 luminescence microscope. We hadphotoluminescence spectra, with its maximum at an energy
previously'® observed substantial degradation of photolumi-of the order of 3.12 eV, and the rapid decay of the photolu-
nescence as a result of exposing a sample to ultraviolet raninescence pulses with time — leads to the conclusion that
diation from a pulsed nitrogen las¥rand for this reason the the emission sources in the given situation are electron-hole
sample was held under the laser beam for 20 min prior to thpairs localized in small, anisotropic crystallites, i.e., local-
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ized excitons. The significant broadening of the spectruntal anisotropy. Also possible, of course, are radiative pro-

into the short-wavelength range indicates the presence afesses associated with impurity levels, defects, and crystal-

guantum-well effects in these crystals. lite boundary states. Future studies will be aimed at
Ellipsometric measurements in a study of porous Sielucidating and tracing the process by which the polarization

(Ref. 20 have revealed that the dielectric constasitsand  of photoluminescence is retained in this case as well.

g, are not equal for a porous layer formed on ti€®0 We wish to thank V. E. Chenokov for interest in this

plane. We know from electron microscope measuremefts  investigation.

that the elongated crystallites in the given situation are ori-  This work has received financial support from the Rus-
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equality ofe| ande, is most likely indicative of a difference 04115 and partial support from the Ministry of Science of
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across the crystallite axis. It is reasonable to assume that théSA.
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THE PHYSICS OF SEMICONDUCTOR DEVICES

Current tuning of the emission wavelength of low-threshold mesa stripe lasers utilizing
INAsSb/INAsSbP double heterostructures and emitting in the vicinity of 3 3pum

T. N. Danilova, A. P. Danilova, O. G. Ershov, A. N. Imenkov, M. V. Stepanov,
V. V. Sherstnev, and Yu. P. Yakovlev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted March 3, 1997; accepted for publication March 6, 1997
Fiz. Tekh. Poluprovodr3l, 1392—-1395November 199y

Diode lasers based on InAsSh/InAsSbP double heterostructures with a low threshold current
(~12 mA) and a narrow mesa strigef width ~10 xm) are investigated over a wide range of
currents up to five times the threshold current. The modes of such lasers in the measured
current range are observed to shift toward shorter wavelengths by approximately the amount of
the spacing between modes as a result of an increase in the density of nonequilibrium

carriers in the active zone. The rate at which the modes shift with the current differs in different
current intervals, depending on the degree of single-mode dominance of the laser emission
spectrum. ©1997 American Institute of Physid$1063-78207)02911-9

1. The creation of tunable injection lasers operating invarious pumping points is shown in Fig. (¥-12192 laser
the spectral interval 3—4m looks exceptionally promising No. 1). The mode spacing is-60 A. At the threshold cur-
for high-resolution molecular spectroscopy, because thisent the laser has two consecutive dominant modes with an
spectral interval encompasses many strong characteristic almensity more than double that of all the other modes, but
sorption lines of natural and industrial gases. The presemiot far above the threshold a single mode emerges as the
study is a continuation of work begun by us on the construcdominant onel =1.29,. The single-mode regime persists
tion and design of INAsSbh/InAsSbP-based tunable 1dsers up to currentd =3.5,, above which the spectrum acquires
and is devoted to an investigation of current-controlled tun-another mode on the short-wavelength side at four mode
ing of the emission wavelength of low-threshold lasers havspacings from the first and with approximately the same in-
ing a narrow mesa stripe and emitting in the absorption retensity. As the current is increased, this second mode as-

gion of methane and hydrocarbons= 3.3 xm). sumes dominance, but a single-mode spectrum no longer ex-
We have investigated lasers based onists.
N-INASg 5,5k 18P0 3dN-1NASy g5Shy o pP-INASG 5,5 180,30 The fraction of emission of the dominant mode relative

heterostructures prepared by liquid-phase epitaxy. The widee the emission of all modes in the spectruR(,/=F;) is
gap emitters had a thickness3 um each, with an active estimated numerically in Fig. 2. We see that the ratio
zone of thickness-1 um. TheN-InAsSbP layer was doped F,,./2F; depends on the current and has values from 0.8 to
with Sn to an electron density of (2-8)10"% cm 3, and the  ~1 in the current interval whert/ |, =1.5-3. Atl =1, we
P-InNAsSbP layer was doped with Zn to a hole densityhaveF,,/2F;=0.3. Athigh currents, such thatl ;> 3.5,
~1x10"® cm 3. The active zone was not specially doped, F,.,/SF; does not vary with the current and has a value
and its electron density was 10'® cm™3. Mesa stripes of ~0.45.
width ~10 um were formed on the as-grown structure by  Characteristics of the laser emission are plotted as func-
standard photolithography. Lasers with a cavity length oftions of the current (or I/14,) in Fig. 3 for the same laser.
225-300um were created by cleaving. Figure 3a shows the current dependence of the incretent
We have investigated the emission spectrum, the radiasf the spectral position of the dominant mode in the current
tion pattern, and the total emission intensity of the lasers in énterval 1.94,—3l, and a comparison with its position at the
guasi-continuous-wave regime. The lasers were pumped Wreshold current. Figure 3b shows the current dependence of
meander-type rectangular current pulses with a repetitiothe full width at half maximum(FWHM) A® of the radia-
rate of 80 Hz. The measurements were performed at liquidtion pattern in the plane of the-n junction (curvel) and in
nitrogen temperature. An MDR-2 monochromator was usedhe plane perpendicular to the plane of then junction
as a dispersing instrument to obtain the spectra. (curve 2). Figure 3c shows the current dependence of the
2. The coherent emission spectra of the lasers were meaetal emission intensit§s .
sured in the current range from thresholg.X to 1=5Iy,. It is evident(Fig. 33 that the mode position in the spec-
The radiation pattern and the total emission intensity werdrum shifts toward shorter wavelengths as the pump current
measured in the same current range. is increased, and in the measured current range the total shift
The threshold current for the better lasers~id2 mA, is ~55 A. However, the rate of this shift differs in different
and the threshold current densify,=530 A/cn? at 77 K.  current intervals. Thé\(l) curve has the greatest slope in
The mode composition of the coherent emission spectrum dahe current interval fromly, to 1.89,. In this interval
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FIG. 1. Emission spectra of a laser/12192 No. ) at a temperature of
77 K for various pump currents.
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Fmax/ 2F; varies from 0.3 to 0.8Fig. 2). The total mode -
shift in this interval is~30 A. In the same current interval 8ok
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. . . perpendicular to th@—n junction (graph 32; c) the total emission intensity
FIG. 2. Ratio of the intensity of the strongest mode to the sum of ther. All the graphs are for laser V1219 No. 1.

intensities of all mode§ .,/ F; versus current.
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slower rate than fot<ly,. In the plane perpendicular to the is the lasing angular frequency, and’ib is interpreted as
p—n junction (curve2) the radiation pattern does not changethe photon energy of the emitted laser radiation. Therefore,
with the current. The emission intensity increases superlindn is related to this radiation.

early with the currentFig. 30. The variations of the refractive indem for x=0.05,

In the current interval from 115, to 2.8y, i.e., in the  Which corresponds to the composition of the active zone of
single-mode regimeF,,,/=F; has values from 0.8 to 1 the investigated lasers, can be estimated from the calcula-
(Fig. 2), the slope of the\\(1/1) curve is very slight, and tions of PaskoV. For a carrier density of %10'cm 3,
the shift of A toward shorter wavelengths is2.5 A. In this ~ which is 1.5 orders of magnitude higher than the equilibrium
current interval the radiation pattern in the plane of ph@  carrier density in the active zone, the increment e equal
junction attains its minimum valud®~17° (Fig. 3b, curve to 0.1-0.15 at the photon energy corresponding to the edge
1), and in the plane perpendicular to then junction A® of the intrinsic absorption edge. Paskov’s calculations were
remains unchange(ig. 3b, curve2). The intensityFs de- carried out at room temperature. However, since

pends linearly on the currefiig. 30. o=dn/dN~—1/T for lll-V semiconductor§; our incre-
In the current interval from 215, to 3.9, the ratio ment would have to be at least the stated amount at 77 K.
Fmax/ 2 F; decreases from-1 to 0.5, and the mode shifts However, it is evident from Fig. 3 that within the cur-

toward shorter wavelengths by20 A (Fig. 3. In this in-  rent range from 4, to ~4l1,, where the mode shifts toward
terval the radiation pattertig. 3b) in the plane of thee—n  shorter wavelengths with increasing current, there is an in-
junction (curve 1) and in the plane perpendicular to then  terval from 1.%/14, to 2.8/1,, where this shift is very slight
junction (curve 2) does not change. The current dependencé~2.5 A). On the other hand, single-mode operation of the
of the emission intensityFig. 30 is sublinear. laser is observed in this current interval, whétg,,/=F;
At currents from 3.5, to 5.9, the mode whose position attains values of 0.8-1, i.e., a self-stabilizing effect is
we are tracking loses its dominance and shifts 2—3 A towar@bserved. The strong mode suppresses amplification in a
longer wavelengths. A mode of the same intensity emergespectral interval extending from the long-wavelength side to
at a distance of four mode spacings on the short-wavelengtthe short-wavelength side. Maximum narrowing of the radia-
side and gradually becomes dominant as the current is irtion patterns in the plane of the-n junction is observed in
creased. The radiation patte(fig. 3b in the plane of the this same interval. The slowing of the mode shift toward
p—n junction broadens considerablgurve 1) and in the shorter wavelengths in single-mode lasing as the current is
plane perpendicular to the-n junction it narrows consider- increased is an experimental consequence of a slight increase
ably (curve2), and in both cases the FWHM attains approxi-in the density of nonequilibrium carriers with>E (Er is
mately the same value 36°. The intensity-current curve is the Fermi energy at the lasing thresholehen the current is
observed to have a shelf at first, but then the intensity rises dfcreased. This carrier density depends on the ratio of the
the current is increased. characteristic times/7,, where 7 is the energy relaxation
3. We now discuss the results. An examination of thetime, and 7, is the carrier recombination time. This ratio
experimental results reveals that as the current is increasgsfobably becomes significantly smaller in the single-mode
from Iy, to 41y, in the investigated lasers, the modes shiftregime of the investigated lasers than in the regime
toward the short-wavelength end by an amount almost equg _ />F;<0.8.
to the mode spacing. This behavior rules out the self- At higher currents, aboveld,, the refractive index prob-
focusing, which would produce a long-wavelength shift,  aply becomes so small in the active zone as to significantly
the investigated lasers with a stripe of widttlOum in the  reduce the optical confinement, and the light wave enters the
given current range. The shift of the mode position in thewide-gap region. This event broadens the light beam in the
Spectrum toward shorter Wavelengths could be the result of Qlane perpendicu|ar to thje_n junction and causes the radia-
decrease in the refractive index as the current is increased {ion pattern to become narrower in this plane as a result of
the injection of free carriers into the semiconductor tends tqhe diminished influence of slit diffraction. The penetration
raise the density of nonequilibrium carrield) at currents  of jight into passive zones increases the free-carrier absorp-
abovely. An increase ifN produces a change in the inter- tjon |osses and can account for the shelf of the light
band absorption coefficient by an amown(% w), which is  jntensity-current curve. The broadening of the radiation pat-
related to the increment of the refractive indax by the  tern in the plane of the—n junction can be attributed to the
Kramers—Kronig relation transition from single-mode to multimode operation, rather
than to the variation of the refractive index. The short-
wavelength shift ceases in this interval, and the mode posi-
_he (= Aa(ho) d(ho) tion is observed to shift slightly toward the long-wavelength
7)o (hw)?— (hwy)? (o end in the spectrum. This behavior indicates compensation of
the short-wavelength shift by the long-wavelength shift, a
_ ke J""’ZZ Aa(ho) diho), phenomenon that can be linked to a decrease in the width of
2mwEgJo ho—fog the band gap as a result of an increase in the density of
nonequilibrium carriersor as a result of heating.
In summary, an investigation of double-heterostructure
whereEg is the width of the band gap in the active zone of INnAsSb/InAsSbP with a narrow mesa stripe and a low thresh-
the laserg is the speed of lighti is the Planck constang old current has enabled us to trace the shifting of the coher-

An

1202 Semiconductors 31 (11), November 1997 Danilova et al. 1202



ent emission modes within a broad current raqgeto 9 y,). 'A. N. Baranov, T. N. Danilova, 0. G. Ershov, A. N. Imenkov, V. V.
We have discovered that the modes shift toward the short- Sherstnev, and Yu. P. Yakovlev, Pisma Zh. Tekh. Rigi22), 6 (1992
wavelength end of the spectrum as the current is increased igf V- Tech: Phys. Letl§, 725(1992)].

e . . . .“Yu. P. Yakovlev, A. N. Baranov, A. N. Imenkov, V. V. Sherstnev, M. V.
such lasers, indicating an increase in the density of nonequi-

. . . . Stepanov, and A. Ya. Ponurovskaantovaya'H'ektron. 20, 839(1993
librium carriers with energie€>Eg. The spectral mode [Quantum Electron23, 726 (1993].

positions shift with increasing current by an amount approxi-sa, N. Baranov, A. N. Imenkov, V. V. Sherstnev, and Yu. P. Yakovlev,
mately equal to the total mode spacing, but the rate at which Appl. Phys. Lett.64, 2480(1994.
the modes shift with the current differs in different current *T. N. Danilova, O. I. Evseenko, A. N. Imenkov, N. M. Kolchanova, M. V.
intervals and depends on the degree of Sing]e_mode domi-Stepanov, V. V. Sherstnev, and Yu. P. Yakovlev, Pis’'ma Zh. Tekh. Fiz.
nance of the laser emission spectrum. At currents aboye 4 2216 7(1996 [Tech. Phys. Lettz2, 645(1996]
the nonequilibrium carrier density increases to such an extent - '\ Danilova, ©.G. Ershov, A. N. Imenkov, M. V. Stepanov, V. V.
. . . . . Sherstnev, and Yu. P. Yakovlev, Fiz. Tekh. Poluprov@{h.1265(1996
as to substantially I'ower the refractlvg index in the active [Semiconductor80, 667 (1996].
zone, thereby reducing the optical confinement and the transsp G Ejiseev and A. P. Bogatov, Tr. Fiz. Inst. Akad. Nauk SI8R 15
fer of radiation into passive zones. (1986.
This work has received support in part from the U.S. Air “P. P. Paskov, Solid State Comm@®, 739 (1992.
Force European Office of Aerospace Research and Deve|op8D. A. B. Miller, C. T. Seaton, M. E. Prise, and S. D. Smith, Phys. Rev.
ment (EOARD), Contract F6170894 C0011, in part from a et 47 197(198D. _ _
grant of the Ministry of Science of the Russian Federation * - Asnin and A. A. Rogachev, Fiz. Tverd. Tefaeningrad 5, 1730
. . . (1963 [Sov. Phys. Solid Statg, 1257(1963].
Program “Optics and Laser Physics,” and in part from Co-
pernicus Contract No. CIPA-CP 94-0158. Translated by James S. Wood

1203 Semiconductors 31 (11), November 1997 Danilova et al. 1203



Influence of valence band absorption on the threshold characteristics of long-
wavelength InAs lasers
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The mechanism of intraband absorption of radiation with hole transition into the spin-orbit split-

off band, or so-called intervalence-band absorpfidA ), is subjected to microscopic

analysis. It is shown that this IVA mechanism significantly influences the threshold characteristics
and quantum efficiency of InAs-based heterolasers. The dependences of the laser threshold
characteristics on the temperature and the parameters of the laser heterostructure are analyzed in
detail, taking into account the neWA) channel of intraband absorption by holes.

© 1997 American Institute of PhysidS1063-782807)03011-1

1. INTRODUCTION It has been found that IVA in InAs lasers and similarly
constituted solid solutions can be comparable with the level
Superior long-wavelength InAs-based lasers have beeof light amplification in band-to-band transitions from the
constructed recently,but the working temperatures and conduction to the valence band and can have a powerful
quantum efficiency are far below those of short-wavelengthinfluence on the threshold current of long-wavelength lasers
(<1.5um) lasers’ It has been showhthat the low working  emitting at wavelengths of 3—36m and on the maximum
temperature of long-wavelength lasers is attributable tavorking temperature. This assertion is corroborated by the
strong band-to-band Auger recombination, which does notgxperimental investigations reported below in regard to the
however, account for the quantum efficiency of these lasersharacteristics of InAs heterolasers.
at 77 K. The paper is divided into four sections, including the
The maximum working temperature of long-wavelengthintroduction, two main sections, and conclusions. In Sec. 2
lasers is known to depend on the rate factor of nonradiativeve calculate the heavy-hole and light-hole IVA coefficients
channels for the recombination of nonequilibrium carriers,and the optical gain. The calculations are carried out in the
but it also depends on the intraband radiation absorptiofirst approximation with respect to the ratio of the intraband
coefficient? An analysis has shown that the intraband ab-hole energy to the width of the band gap. We derive analyti-
sorption mechanism depends significantly on the actual bancal expressions for the IVA coefficients and the optical gain.
structure of the semiconductor. A unigue attribute of theWe also take into account intraband relaxation with respect
band structure of InAs and solid solutions of similar compo-to the momentum for the absorption and amplification of
sition is the fact that the width of the band gépis close to  radiation. We then repeat the calculations of the IVA coeffi-
the spin-orbit splittingd. Consequently, radiation generated cients using the exact Kane model.
in a laser withhw~Ey would be highly prone to strong In Sec. 3 we investigate the influence of IVA on the
absorption by holes in the valence band, which are excitegharacteristics of long-wavelength heterolasers with an InAs
into the spin-orbit split-off band in this case. We refer to theactive zone. We compare the theoretical relations with our
absorption of light by holes with transition of the latter into experimental results.
the split-off band as intervalendsubband absorption In Sec. 4 we discuss the results of the study and submit
(IVA). Such absorption will necessarily be much stronger atecommendations for improving the characteristics of long-
the lasing frequency in InAs than in lasers utilizing quater-wavelength lasers.
nary InGaAsP/InP solid solutions, in which the indicated loss
mechanism is substantial, despite the large difference be-
tweenEy andA (Ref. 5. 2. CALCULATION OF THE INTERVALENCE-BAND
The objective of the present study is to investigate IVA ABSORPTION COEFFICIENTS AND THE OPTICAL GAIN
in InAs and the influence of this loss mechanism on the
characteristics of long-wavelength InAs lasers. We propose & The IVA coefficients and the optical gain are calcu-
to show that IVA is one cause of the low quantum efficiencylated in the 4-band Kane model, which is fully applicable to
of lasers made from InAs and solid solutions of similar com-INAs, where the wave vectors of all particles involved in
position. We look at the recombination processes in InAgabsorption are small by virtue of the closenesgfto A.
and calculate the IVA coefficients associated with transitions ~ The absorption coefficient and the optical gairy are
of heavy and light holes into the split-off band. The analo-expressed in terms of the imaginary part of the dielectric
gous coefficients for nondegenerate holes have been calc@ermittivity &”:
lated previously. Intraband absorption within the valence
band, on the other hand, has never been investigated in ap- o=—g= e"(w), (1)
plication to long-wavelength lasers. C\/;
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wheree,, is the rf dielectric permittivity, ana is the speed ﬁz(Eg+A) [ke-q]2

3
. hc —
According to Ref. 7, c

wherek, andm, are the wave vector and the effective mass

£"(w)=lim 477292f ’k IM(k,q)|2(f,— f2) 8(E, of an electron in the conduction band.
q—0 02 (2m)° ' In InAs the characteristic wave vectoks and ks, are
small in comparison withkg= VEgm./#. It then follows
—Ex—fhw), (2 from Egs.(6) and (7) that B"S® has an additional smallness

whereq is the photon wave vectok is the particle wave Proportional to ko/ ky)? over and abov@"®. This attribute
vector, e is the electron chargéE,, E,, f;, andf, are the IS &consequence of the fact that transitions between the con-

energies and Fermi distribution functions of the charge carduction and valence bands are allowed, but transitions be-
riers, andV (k,q) is the matrix element of transition between MWeen subbands of the valence band are forbiddet 0.

the Bloch wave functions of the initial and final states. For ~ 1ne overlap integral of the 7conduction and light-hole
band-to-band transitions from the conduction bagjdo the ~ Pands has been obtained previotsind has the form
valence band the indicated matrix element is given by the hz(Eg+A) k|2q2+3(k|'Q)2

equation lc =
q B (k0= o, (3E,+ 20) 2 ®
M(KQ)Z__E W (k+q,r)e'% W (k,r)dr, (3 wherek,-q denotes the scalar product of the light-hole and
1=h photon wave vectors.
wherei =h for heavy holes, anii=1 for light holes. An equation for the overlap integrals of the light-hole

In the Kane model the square of the modulus of theand split-off bands is obtained for the first time in the present
matrix element is conveniently expressed in terms of thdaper:
projection operators onto electron states onto heavy-hole
statesA", onto light-hole stated', and onto the state of the B'SO(k, ,q) =

4
) ” 2—2[(7Eg+4ﬁ)(k|-Q)2
split-off band A ®°. For band-to-band transitions AmA“Ey

2
, (3Eg+28) e

IM(ka)?= 25 TrAl(ki+a)A(k) = X B (ki ,q), =k
i=h,l i=h,l g

@) The overlap integral$6)—(9) are evaluated on the assump-
whereB"¢ and B'® are the overlap integrals of the periodic tion that the photon wave vector is much smaller than the
parts of the Bloch wave functions of the conduction bandelectron and hole wave vectors and also that the particle
with the heavy-hole and light-hole subbands. energies in the corresponding bands are small in comparison

For intraband transitions involving the split-off band the with E; and A.
matrix element has a form analogous (8 with W .(k,r) To calculate the IVA coefficient we substitute the quan-
replaced by¥.(k,r). The square of the modulus of the tity [M(k,q)|? from (5) into Eq.(2), assume that the degree
matrix element for intraband transitions is of degeneracy of heavy and light holes is arbitrary, and dis-
regard the population of the split-off band. Therefore,

©)

IM(ka)[?= 2 TrA!(ki+a)A*(ki) B g\]
1=h,l fl_f2: 1+ex 2mT_? y
i
= > Bk, (5)  wherei=hor |, m; is the effective mass of holes in the va-

i=h,l . .
lence band, andy, is the hole Fermi level measured down-

whereB"s° andB's° are the overlap integrals of the split-off ward from the edge of the valence band.

band with the heavy-hole and light-hole subbands. Integrating Eq.(2) over the angles and ovér with al-
The projection operators have already been calculated ilbwance for the delta function, we obtain equations for the

the 3-band Kane modeand in the 4-band modélin Ref. 9  IVA coefficients for transitions into the split-off band both

the overlap integral of the heavy-hole band and the split-offrom the heavy-hole band;° and from the light-hole band

band is obtained in the form a°:
5/2 32
A4 <o Moh(ho—A)
h - 2 =
B SO(kSqu) - Z F.Az[kso' q] y (6) ap A Msoyh h(l)_A é«h ’ (10)
S 1+ex m T — ?
h
where[ks,,q] denotes the vector product of the hole wave
vector in the split-off band and the photon wave vector, 17E2+ 20E,A +6A2 M2 (A - w)3?
. ) so__ g g so,l

q=|kn—Ksd, ky, is the heavy-hole wave vector, amt,, is @1 — 3E2 Moot A=t &p]’
the effective mass of a hole in the split-off band. The overlap 9 1+ exr{ - ’ T ?}
integral of the conduction and heavy-hole bands has also !

been calculated in Ref. 9: where

1205 Semiconductors 31 (11), November 1997 Gun’ko et al. 1205



300 v r v Y y—— v 600 —r—v—v—1—v—r—v—T—rr— gy
s - n=p-= SXIO" em™ |
| - i
T 200} g 400} .
E - L e 77 K |
0160' ‘5‘300- owa 100 K -
a. o - p sansosan l“ x -
S 100 | o 200} i
60}F 100
8.3 0.38 042 040 0.60 0.64

FIG. 1. Frequency dependence of intervalence-band absorption for InAEIG. 2. Frequency curves of the gdih-3) and the IVA coefficien{1’-3")
with the participation of heavy holesxf®, fiw>A) and light holes &°, for InAs. 1 1) T=77K; 2 2') 100K; 3 3') 155K. The carrier concen-
hw<A) at T=77 K (1-4) and atT=155K (1'—4’). 1, 1') Calculated tration for all curves is % 10"cm™3

from Eq.,(10) at a carrier concentration of*610'cm™3; 2, 2') Eq.,(17),

6x107cm™3; 3, 3) Eq.,(10, 3x107cm 3 4, 4) Eq.(17),

3x10"cm"*. band and holes in the valence band are degenerate, in gen-
eral, so that
fi—f;
2\/—92 Eg Mo = Mg, M; ﬁw—Eg Lo+ &n
C\/—fi2 A?mZ,’ 50! (M —Mms,) 1-ex T - T
Herei=hor |, and the plus sign goes with the subschpt 1+ex;{hw_ By ﬂ 1+exp{ M o —Eg QH
It follows from Eq.,(10) that absorption by heavy holes T T m; T T 11
with excitation of the latter into the split-off band occurs (12)
only in the rangéi w>A, and absorption by light holes only wherei=h,l, and {. is the electron Fermi level measured
occurs in the rangé w<A. upward from the edge of the conduction band.
It is evident from a comparison af;° and «;° that the Integrating Eq(2) over the angles ankl with allowance

absorption of light by heavy holes is tens of times strongeffor the energy delta function, we obtain an equation for the
than absorption by light holes, owing to the high density ofoptical gain for the transition of electrons into the heavy-hole
states for heavy holes. This contrast is illustrated in Fig. 1and light-hole bands:
which shows the frequency dependence of the IVA coeffi-

e mZ(Eq+A)A2
cient in InAs at temperatures of 77 K and 155 K. The fre- g=g"+g¢'=A MsolEg™ )R~
quency dependence ef;° is also shown in Fig. Zcurves McEq(3Eg+24)
1'-3"). It is evident from the figures that the maximum val-
ues ofa;° are virtually independent of the temperature at a X\Vho—Eg 2 pa(f—f (12

constant hole density. On the other hand, as the temperature
rises, the frequency interval broadens, and the frequency afhere u¢;=m.m;/(m.+m;), andA is defined in Eq(10).
the maximum ofa;° increases. Frequency curves of the gains and IVA coefficient in
Itis particularly important to note that in the Kane model InAs at temperatures of 77 K, 100 K, and 155 K are shown
hole transitions from the heavy-hole to the light-hole band ddn Fig. 2. It is evident from the figure that as the temperature
not take place when a photon of energy of the orde pfs increases, the coefficiegtdecreases as usual, and the posi-
absorbed in InAs, because only in direct-band semicondudion of the maximum shifts into the long-wavelength range
tors with A=1.5E, can the laws of conservation of energy as a result of the temperature dependendg ofWe assume
and momentum be satisfied simultaneously for such transihat in INASE4 depends linearly on the temperature, is equal
tions. to 0.41eV at 77K, and is equal to 0.354 eV at 300 K,
To assess the influence of IVA on the characteristics ofvhereasA does not depend on the temperatfirat 155 K
long-wavelength lasers, we compare the absorption coeffiwe haveEg=A=0.39 eV. It should be noted that as the
cients(10) with the optical gaing calculated in Ref. 7. To carrier concentration increasasjncreases as well, and the
find the gain, we substitute the quantjtyl (k,q)|? from (4) maximum of the curve shifts toward shorter wavelengths. It
into Eq. (2). We assume that electrons in the conductionis evident from Fig. 2 that mdg) is several times the value
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concentrations of &10Ycm 2 and 9x10Ycm 3 have a
minimum at 155 K, when IVA is a maximum. At high tem-
peratures the IVA falls off sharply and practically disappears
when the photon energy becomes smaller thaas a result

of the decrease in the width of the band gap. This behavior
causes the curves to rise in the temperature interval 155—
200 K. The indicated minimum is also manifested in the con-
currence of the curves for 155 K and 200 K in the inset to
Fig. 3, which shows the dependence of the effective gain on
the carrier concentration at various temperatures.

b) All the results of the optical-gain and absorption spec-
trum calculations in Figs. 1-3 have been obtained without
regard for intraband carrier relaxation. As a first approxima-
tion, this effect can be taken into account in the first approxi-
mation by convoluting the frequency dependence obtained
9' . " without the effect with a suitable relaxation function. In re-

6 160 220 300 gard to the latter, it is known to be almost Lorentzian for a
'l‘emperature. K small frequency deviation, with a characteristic half-width
AE determined by the intraband relaxation time
FIG. 3. Temperature dependence of the effective gain at the frequency ({TA E~#%/7), and for large frequency deviations it decays ex-
the maxir?um of g—z}ff) in InAs atithree carrier conc_entrations: ponentially according to a Gaussian 1&A similar proce-
3x10%%em %, 6 10cm *, and < 107cm . Inset: Concentration depen- dure with a Lorentz relaxation function is used extensively
dence of the same quantity at temperatures of 77 K, 100 K, 155 K, 200 K; . ” A
and 295 K. for the calculation of gain spectra and yields correct results
in the vicinity of the absorption maximuisee, e.g., Ref. 11
and the references cited thierd is readily apparent that, in
R . . principle, a Lorentz function cannot be used to calculate in-
of max(a;;?) at 77 K. Moreover, the maxima shift far along yapand absorption, because the corresponding integrals di-
the frequency scale, and IVA is small in the vicinity of yorqe On the other hand, the results are not too sensitive to

maxg). At 100K the values of mag) decrease, and the 30yl form of the relaxation function in the case of small
positions of the maxima fall within a common frequency frequency deviations.

interval. Consequently, IVA is already appreciable at the fre-

1

| ]

Max(@ -a™;), cm™

Consequently, to take approximate account of intraband
quency of matg). . o relaxation, we form the convolution of the IVA and gain

At 155 K .the maxima ofg and %h are'c'lo.se together, spectra with a Gaussian function, using the intraband relax-
but amplification prevails over IVA in the vicinity of m&)  44jo time determined from mobility dafaWe assume that
because of the shift of max{) into the short-wavelength he carrier mobilities depend on the temperature but not on
range, whereas méy shifts into the long-wavelength re- he concentration. The calculations show that the inclusion of
gion. Itis essential to note th&l; becomes smaller thafat  jyyranand relaxation merely produces slight numerical
T>155K, and the absorption of light by heavy holes disap-changes, but no real qualitative differences in the IVA and
pears. i i - gain spectra.

Itis therefore evident from Fig. 2 that the coefficierjf’ ¢) The calculations in subsection have been carried
becomes comparg_ble ngw_ln a certain range of frequgnugs out in the first approximation with respect to the parameter
a_md chargg densme_s at given temperatures. Assuming !de'}'=(hw—A)/A<1. To test the admissibility of this approxi-
tical Fermi factors in both cases, we obtain the following maiion, we calculate the next higher-order corrections in this

equation from(10) and (12): small parameter. For the overlap integral of the heavy-hole
. . _ hS . .
g 2 E fmom?, band with the split-off bandE"*° we obtain the expression

2 _f g Yo (13 (for E;~A)
«® 5ho—A M3 g -

foks,
- 2mg,’

In InAs at frequencieso~Egy and a temperature of 77 K BQSO(kSO,q):Bhso{lJF x R (14)

we haveg/ap’~1.1. 2A
The large IVA is a consequence of the much higher norwhere B"s® is described by Eq(6). It is evident from Eq.

malized density of states for transitions between the heavy(4) that the corrections t8"° are small with respect te,

hole band and the split-off band in comparison with transi-sincex~# o —A.

tions between the valence band and the conduction band. |ntegrating Eq.(2) over the angles and ovér with al-

This large ratio of the normalized densities of states compengpwance for the analogous correction in the energy delta

sates for the low value ofi(w —A)/E4 due to the prohibition  fyunction, we obtain the following equation for the IVA co-
of IVA at theI" point of the Brillouin zone. efficient:

Figure 3 shows the temperature dependence of the effec-
tive gain at the frequency of the maximum @< a}°) for
InAs. It is evident from the figure that the curves for carrier

1+

1 21MM
M 77

> (15

(ap)1= ]
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where parameter in the correction tg;° for InAs is preceded by a
numerical coefficient of the order of 10, and the correspond-
M = Mh ing correction B) is significant. It is evident from Eq(10)
My = Mo’ and Fig. 1 thathw—A=(3/2)kT. We haveB=—0.28 at
77 K andB= —0.56 at 155 K, and the validity of the given
expansion is no longer justified at 155 K. We therefore cal-
culate the IVA coefficient for heavy holes using the exact
(a3°),=al(1+ ), (16) Kane merI in the ove'rlap integral and also .ir? the energy
conservation law. In this case the IVA coefficient can be
where 3= —11y. It is evident from Eq.(16) that the small written in the form

and a;° is given by Eq.(10).
For InAs we haveM =1.52 and

_Am5/2X3/2
SO
.\ (Eg+A)(3Ego+24)
3EZ,+2Es(A—Eg) —EgA —3x(Eg+A)

(aﬁO)K:

, (17)

X
1+GX% le— %)

whereM =mg,/m,, Eo.=—A—¢4,, &5 IS the Kane en- 100 meV and 0.03, respectively. The confining layers had a
ergy of a hole in the split-off band) is defined in(10), and  thickness of 4—6.m, and the thickness of the active zone
x is defined in(14). The relation betweer andE, is speci-  (d) varies from 0.8.m to 6 um. The refractive index of the
fied by the energy conservation law active zone was equal to 3.52. Four-chip lasers were inves-
Eo ot Mx+hiwm=0 (18) tigated together _W_ith wide-contact lasers, Wh_ose lateral sur-
faces were sufficiently rough to suppress internal closed
and by the following relation deduced from the Kane equamode configurations. The width of the contact was varied in
tion: the interval 35-20@wm, and the cavity had a length
2 _ _ L=100-1500um. The wavelength of the laser mode was
_ EsdEsot (A~ Eg)Eso—EgA] (199  3.05um (at 77 K), corresponding to the maximum of the
(EgtA)(3Esot24) photoluminescence peak of undopednAs in the active
The spectral curves ofaf%)X for InAs are represented by zone. Lasing was observed in the temperature range 2—
curves2, 2', 4, and4’ in Fig. 1. It is evident from the figure 150 K in pulsed and continuous-wave operation with mini-
that the quantitative differences between the exact equatiomum threshold current densities of 60 Akrand 100 A/
(17) and the approximation expressi¢h0) are significant. CN¥, respectively(at 77 K).
Calculations using the exact and approximate equations give We now discuss the influence of IVA on the character-
the same energy position of the IVA maximum. However,istics of the above-described heterolasers. We note that the
when the exact equatiofl7) is used, the absorption level at influence of the heterointerfaces on absorption is weak, ow-
the maximum is roughly 30% lower. Also, the absorptioning to the considerable width of the active zone, and we
spectra extend into the short-wavelength range, especially inore it. We use the exact Kane model for all the calcula-

155 K. tions in this section. We analyze the laser characteristics in

the following order. We first determine the threshold carrier
3. INFLUENCE OF INTERVALENCE-BAND ABSORPTION ON concentrationny, in the active zone of the heterolaser for
THE CHARACTERISTICS OF HETEROLASERS various values ofl, L, andT. ACCOfding to Ref. 13,

a) We have investigated the influence of IVA on the
characteristics of heterolasers. The investigated objects were
long-wavelength, double-heterostructure, injection lasers
with an n-InAs active zone. where only two types of optical losses are taken into ac-

Double heterostructures of compositiorinAs, ,_,  count: IVA (ap?) and output lossesx* =(1/L)In(1/R),
ShP,/n-InAs/p-InAs, ,,ShP, (0.05<x<0.09; 0.0<y  whereR=0.3 is the reflection coefficient of the laser mirrors,
<0.18) were grown on an-InAs(111) substrate by liquid- andT is the optical confinement factor in the investigated
phase epitaxy under conditions creating high substrate plaseterostructure. It is evident from the calculations that the
ticity so as to reduce the misfit voltages induced by mis-greatest increase in the threshold density should be observed
match of the lattice constants through the preponderarith lasers having thinner active zoned<(1 um) and short
formation of dislocations in the substrate. The end productsavities (L =0.03 cn), for which the output losses are high-
were structurally perfect epitaxial layers with an all-time low est.
dislocation density<10"3cm™2. The p-type emitter was Next we calculate the external differential quantum effi-
doped with zinc. The energy differential across the band gapiency (7;), defined as the ratio of the output losses} to
and the refractive index at the heterointerfaces were equal time total losses:

I'[maxg—a;”)]=a*, (20
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FIG. 4. Temperature curves of the external differential quantum efficiency

of a heterolasers with InAs active zones of thicknessg8and 1.5um :ZIG' S'f Exrt]ernal Idlfferent_lar: ﬂ“/j‘”t“m. efficiency \f’eLS.ulf normallzleSd (:(utput
and with a cavities of length 0.03 cm and 0.09 cm. osses for heterolasers with InAs active zones of thicknesg.(a8 155

and of thickness 1.pnm at three temperatures: 77 K, 100 K, and 155 K.

N whereB;, is the radiative recombination coefficieR; is the
m:a_' (21)  coefficient of the subband-to-subband CHHS Auger process
a* +ap’ with hole transition into the split-off band, arid, is the

Figure 4 shows temperature curves of the quantum efficiencCoefﬁCient of the band-to-band CHCC Auger process associ-
9 P q Xted with the excitation of an electron in the conduction

for two thicknesses of the active zone of the heterolaser, . .
d=0.8 xm and 1.54m, and for two lengths of the active band. Relying on Ref. 14, for the CHHS process in InAs we

. — _27 6 . . . .
zone,L=0.03 cm and 0.09 cm. It is important to note that asObtalan 4x10"*cmr/s, which is esser_mally mdependem
of the temperature. Also, on the basis of InAs data in

the temperature increases in the interval 100—155 K, IVAP . .
. . . ef. 14, taking the degeneracy of electrons into account, we
increases not only as a result of the increased carrier concen-

tration, but also in connection with the shift of the optical-
gain maximum into the range of maximum absorpt{&ig.
2). At temperatures above 155 K, wheg becomes smaller
thanA, the IVA level at the frequency mag(- a;°) falls off
sharply, dropping to zero. Consequently, all the curves ex-
hibit a minimum atT=100-155K due to the frequency
alignment of the gain and absorption maxima.

Figure 5 shows the dependence of the quantum effi-
ciency on the normalized output losses Ht temperatures
of 77 K, 100 K, and 155 K. The parameter is the thickness of
the active zone. At 77 K and 100 K, as usual, the quantum
efficiency increases with IL/ although in fact a sublinear
dependence associated with enhanced IVA is observed for
high output losses. The dependengg=f(1/L) exhibits
anomalous behavior at 155 Ky, decreasing as W/ in-
creases, because IVA increases more rapidly than the outpu
losses.

We also calculate the temperature dependence of the
threshold current density,;, in the investigated lasers with

10°

ty, A/cm®

[
[~
»
ooy

T

L A i
100 160
an InAs active zonéFig. 6), using the calculated values of Temperature, K
Ny, . In determining the threshold current density, we take
into account radiative recombination and band-to-band Auf!G. 6. Experimental and theoretical temperature dependence of the thresh-

binati The threshold td itv is th d old current density for a heterolaser with an InAs active zone. The solid
ger recombinaton. € threshold current density 1S then ec'urves are calculated for various heterostructutgshickness of the active

Threshold Current Dengi
3 v

scribed by the equation zoned=0.8 um, cavity lengthL=0.03 cm;2) d=1.5um, cavity length
53 2 L =0.03 cm;3) four-chip heterostructure witti=1.8 wm. The triangles rep-
Jin=1.6X10 nth[ Br+(Ry+ RZ) nth]v (22) resent experimental data for a four-chip heterostructure @itti.8 um.
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calculate the CHCC recombination coefficient, which de-
creases by two orders of magnitude as the temperature drops
from room to liquid-nitrogen temperature:
R,=3.3x10 ?"cmf/s at 300 K, andR,=2.2x10 %cm®/s

at 77 K.

In calculating the radiative recombination component of
the threshold current, we take into account the degeneracy of
electrons and holes, i.e., not only the dependence of the ra-
diative recombination coefficied, on the temperature, but
also its dependence on the carrier concentration.

Calculations have shown that the radiative current com-
ponent is comparable with the nonradiativigern compo-
nent at 77 K(Ref. 3. As the temperature increases, the non-

-
-
-
L
o
-
L

A
radiative component begins to prevail, and at 155K it is . 1
already an order of magnitude greater than the radiative com- f
m A L . A Y ' - Y i A 1 e
ponent. 0 6 10 16 20 26 30 35

Threshold Current Density, A/cm

It follows from the calculations that in long lasers l/L. cm-;
(L=0.09 cm the threshold current is essentially independent
of the thickness of the active zone. In short IasersFIG. 7. Experimentaltriangles and theoreticalsolid curve plots of the
(L=0.03 cm, on the other hand, the threshold current deNn+hreshold current density versus normalized output losses at 77 K for a het-
sity depends on the thickness of the active zone in the temnprolaser with an InAs active zone of thicknebs 1.8 um.
perature interval 100—200 K. Far=0.8 um we observe a
slight “shelf” associated with the “shutdown” of IVA at
T>155K.

b) Figure 6 also shows the experimenta| temperature de- The present investigation has shown that the mechanism
pendence of the threshold current density for a four-chip la®f intervalence-band absorption significantly influences the
ser with an InAs active zone of thickness L. This thick- characteristics of heterolasers emitting at a wavelength of 3—

ness corresponds to the minimum measured threshold curred Mtr'? ?no(lj '”‘I"_?jrpolratt_'ng ars/\z:?tlvel\leje tokanA_s ?r S|m|larl3{

density. Satisfactory agreement between theory and exper‘f—Ons tuted solid solutions. Yvhen 1S taken Into account,

. . . the differential quantum efficiency is found to have an

ment can only be obtained in the temperature interval 77—

100 K. At hioher temperatures the exoerimental val fthanomalous dependence on the temperature and on the nor-
' ghertemperatures the experimental values o ?nalized output losse@t certain temperaturgdntervalence-

threshold current density are much higher than the theoretys, g absorption raises the threshold current density. Lasers

cal values. The discrepancy between theory and experimeqfi, jong cavities and wider active zones are preferable for
at higher temperatures is attributable to the fact that Ougiminishing the influence of IVA on the threshold current

model ignores carrier heating effects and leakage currentgensity and for raising the working temperature of such la-
Three carrier heating mechanisms are possible in the invesers.

tigated structures:)lheating by carrier injection through the We have shown that in IlI-V semiconductors, as in Ge
heterointerfaces;)zheating due to Auger excitation) Beat-  (Ref. 6, the heavy-hole IVA coefficient is tens of times
ing by the intraband absorption of radiation. The analysis ohigher than the long-wavelength IVA coefficient. However,
the influence of various heating mechanisms on the thresholdhe absorption of light by heavy and light holes takes place in
characteristics of such lasers and on their working temperadifferent frequency ranges: heavy holeshai>A and light
ture limit is the object of a separate investigation. The exisholes atiw<A. Semiconductors witfe,<<A must be used
tence of neglected, highly temperature-dependent, internd® Suppress the mechanism of strong absorption by heavy
absorption mechanisms is also possible, for example, owinPOIeS- This condition can be achieved either by varying the
to the presence of the heterointerfak®Burther evidence of €Mperature or by using solid solutions of the appropriate
the existence of internal absorption mechanisms is the e somposition. In InAsE, becomes smaller thamh at

perimentally observed continuous decline of the differential >155K. In InGa A, -, Shc solid solutions, which
antum_ efficiency of such lasers as the temperat rclosely resemble InAs, we hadg,<A at any temperature,
iqnucreaieéﬁ iciency u Peraturg .4 in InAs _,Sh, we haveEg>A for x<0.1 at tempera-

tures close to 77 K. One final note of importance; Not only is

Figure 7 shows the theoretical and experimental valueg,a suppressed in semiconductors willy<A, but Auger
of the threshold current density plotted as a function of th§ecombination involving the split-off bandhe,CHHS pro-

normalized output losses at 77 K in a laser having the samgesg also diminishes, as does heating associated with Auger
basic heterostructure as in Fig. 6. Good agreement is obecombination.

served between the experimental and theoretical data, except In closing, we express our gratitude to E. L. Ivchenko
that the theory gives somewhat excessive values of théor a discussion of the results and for valuable consultations,
threshold current density in the case of low losses. and to Yu. P. Yakovlev for attention and interest in the work.

4. DISCUSSION OF THE RESULTS AND CONCLUSIONS
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Influence of plasma treatment of the surface of silicon carbide on the characteristics
of buried-gate junction field-effect transistors

P. A. lvanov, O. I. Kon'kov, V. N. Panteleev, and T. P. Samsonova

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted April 11, 1997; accepted for publication April 16, 1997
Fiz. Tekh. Poluprovodr3l, 1404—1407November 199y

For SiC buried-gate junction field-effect transistors it is demonstrated that the charge state of the
channel surface, which functions as a secondary, “floating” gate in such transistors, can be
stabilized by treating it in a hydrogen plasma at room temperature. It is shown that the need for
such stabilization is especially crucial for transistors having a relatively low donor density

in the channelhigh-voltage typg in which the surface charge can strongly modulate the drain
voltage under the influence of short-channel effects. 1997 American Institute of
Physics[S1063-782@07)03111-9

1. INTRODUCTION short-channel effects can be more pronounced in the former
and have a definite influence on the surface charge.

It is a well-known fact that the surface properties of In previous work we have shown that the surface prop-
semiconductors have a strong influence on the operation @frties of crystalline silicon carbide can be modified consid-
many electronic devices utilizing them. For this reason, speerably by treatment in hydrogen and helium gas-discharge
cial techniques are employed in device technology with glasmas. In particular, this technique has resulted in the for-
view toward modifying the surface in such a way as to obtaimrmation of high-resistivity surface layers through the genera-
a particular combination of surface properties. At present, aion of a high density of electrically active point defeété/e
crucial aspect of the development of devices based on siliconow propose to demonstrate how the characteristics of high-
carbide is the reliable passivati¢or stabilization of the SiC  voltage buried-gate transistors are influenced Byrehctive
surface at sites where it connects with the active zones abn etching of the channel in a $gas-discharge plasma) 2
devices(especially the high-voltage kind subsequent treatment of the surface in a hydrogen plasma.

As a rule, no special measures are implemented to sta-
bilize the channel surface in SiC buried-gate junction field-
effect transistors fabricated by various groups worldwlide. 2 OBJECT AND PROCEDURE OF THE INVESTIGATIONS
On the other hand, one needs to be aware that the channel of
this type of transistor is cut off by the space-charge region of The transistors were prepared on the basis lf%C
the p—n gate on the surfacé-ig. 1), whose charge state can epitaxial p* (substratg-ny—n™ structures grown by chemi-
vary, in principle. This means that the surface emerges as @al deposition from the gaseous phase. The technology used
kind of “floating” gate, so that steps must be taken to sta-to fabricate discrete mesa-insulated transistors involved stan-
bilize the surface charge. Ideally the density of this chargalard procedures for the formation of nickel-based ohmic
should be either much smaller or, conversely, much greatezontacts to the source, the drain, and the gate and selective
than the surface density of donors in the chanhel,(N is  reactive ion etching of SiC in a $plasma. The donor den-
the bulk density of donors, and is the thickness of the sity in the channel was:810*m™2 (we note that this value
channel. In the first case “flat-band” conditions are estab- is set approximately an order of magnitude higher for low-
lished on the surfaceso that a surface space-charge region isvoltage transistods and the channel length wasugn.
simply nonexistent and in the second case the thickness of  After the transistor characteristidthe current-voltage
the subsurface space-charge region is stabilized by the higind capacitance-voltage curves of the congreh junction
surface chargéFermi level pinning on the surfagelt is  had been measured, the samples were treated in a hydrogen
important to note the practice exercised in several studies gflasma to modify the surface properties of the channel. The
SiC buried-gate junction transistors, of protecting the chanparameters of this process included: the hydrogen pressure in
nel surface with a heat-resistant oxitfeainly to safeguard the dc-discharge reaction chambex 20~ 2 torr; the acceler-
the transistors against environmental effectSor surface ating voltage between the anode and the cathode 6QBe/
charge stabilization, however, oxidation cannot really bedischarge power density did not exceed 1 Wgnroom
deemed an effective method, because the total density aémperature; treatment time 1 h. Following this procedure,
states at the SiQ-SiC interface(of the order of 187 cm 2,  the transistor characteristics were again measured for com-
Ref. 2 is commensurate with the surface density of donorgarison with the characteristics before hydrogen-plasma
in the transistor channel. Surface-charge stabilization is egreatment.
pecially crucial for transistors having a low channel donor In addition, for comparative analysis the capacitance-
density (high-voltage typg Since the channel length-to- voltage curves were measured for reference Au—SiC surface-
thickness ratio in such transistors is usually smaller than iarrier structuregusingn-type &H-SiC films grown by sub-
transistors having a high donor densitpw-voltage type, limation epitaxy, which were formed on each crystal before
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Source Drain We assume that this behavior is attributable to the influ-
Gate M ence of the drain potential on the surface charge induced by
the short-channel effedsee the Appendix An increase in
| P I the drain potential induces a positive charge on the surface
' (due to ejections of electrons from surface-state lgyeisd
FIG. 1. Schematic vertical cross section of the buried-gate junction fieldthis charge partially blocks the gate, producing the observed
effegt transistor, showing the surface charge in the role of a secondar)Super“near behavior of the curves near the threshold.
floating gate. Subsequent hydrogen-plasma treatment leads to a radical
change in the outputV curves of the transistors. First of all,
we see an improvement in the saturation of the drain current
as a function of the drain voltagé-ig. 2c; moreover, the
form of the curves is essentially no longer dependent on the
amplitude and the sweep timeSecond, the curves become
sublinear near the opening threshold, tending to saturation
Typical output characteristic curves of the fabricated(Fig. 2d. Third, the channel cutoff voltage is higher.
transistors are shown in Fig. (Bor measurements performed We attribute this modification of theV curves to the
at room temperature by means of an L2-56 cathode-ray curvgeneration of a high density of electrically activéonon
tracey. point defects near the surface. According to our estimates,
The curves measured before hydrogen-plasma treatmetite bulk density of generated defects is at the level of
have features that distinguish them from low-voltage transis10'®-10"° cm™3, and the thickness of the generation zone is
tors. First, they do not exhibit well-marked saturation of theof the order of a tenth of a micrometeiAs a result, the
drain current as a function of the drain volta@gég. 23. The  Fermi level in the surface layer is pinned to deep defects,
form of the curves depends on the specified parameters of tr@eating between this layer and the interior of the channel an
measurements, in particular, on the amplitude and sweeantigate barrier totally devoid of a depletion zone. This situ-
time of the drain voltage. For example, when the voltageation accounts for the increase in the channel cutoff voltage
amplitude is increased, the differential slope of the curves iras a result of treatment. On the other hand, since the surface
the initial interval drops considerably, further diminishing density of generated defects is greater thatP400' cm™2
their saturation. Second, the drain current depends superlittwhich itself is one or two orders of magnitude higher than
early on the drain voltage near the opening thresholdhe surface donor density in the chanrgh=10'2cm™?),
(Fig. 2b), i.e., the channel is opened from the closed state byhe antigate barrier leads to Fermi level pinning at the surface
the drain voltag€in low-voltage 61-SiC transistors the sub- (i.e., stabilizes the surface as a “floating” gatend to im-
threshold drain current does not depend on the draiprovement of the transistor characteristics.
voltage). Further evidence in support of the postulated surface sta-

the plasma treatments, then after etching i, 3hd finally
after subsequent hydrogen-plasma treatment.

3. EXPERIMENTAL RESULTS AND DISCUSSION

FIG. 2. Typical transistor output
current-voltage curves. a) iMea-
sured after etching of the channel
in SK; ¢, d after subsequent
hydrogen-plasma treatment. The
numbers alongside the curves are
the values oV [V].

I, mA
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FIG. 4. Capacitance-voltage curves of then gate.1) before hydrogen-

FIG. 3. Capacitance-voltage curves of refer_enc_e Ad-SBC structuresl) plasma treatmertiafter etching of the channel in SF 2) after hydrogen-
Before plasma treatment®) after surface etching in $F3) after hydrogen- plasma treatment.

plasma treatment of the surface.

bilization mechanism is found in measurements of @kd/  tor channel surface substantially improves their characteris-
curves of the reference Au—SiC structure and theV  tics, at least at room temperature. Of course, before a final
curves of the controp—n junction. Measurements of the conclusion can be drawn as to the efficacy of the method, the
C-V curves of Schottky barriers indicate that the;®Fching ~ thermal stability of defects will need to be studied further,
of SiC merely lowers the height of the Au barrier to somebecause one of the principal areas of application of silicon
extent, and subsequent hydrogen-plasma treatment leads @arbide is in high-temperature devices.

the formation of a high-resistivity layer of thickness  The authors are grateful to A. Konstantinov, N. Nordell,
~0.1um near the surfacéFig. 3. On the other hand, in- S. Karlsson, and K. Harris of the Industrial Microelectronics
dicative results are obtained from measurements ofth¢  Center in Stockholm for furnishing the epitaxial SiC struc-
curves of the controp—n junction. After hydrogen-plasma tures used in the study.

treatment the zero-bias capacitance of the junction becomes

much higher, but the application of a bias voltage restores it

to its values measured prior to treatmérig. 4). This result APPENDIX

might seem unexpected at first glance, but there is an expla-  The influence of short-channel effects on the subthresh-
nation. As a matter of fact, because of the structural charagld conductivity is well known in the case of silicon
teristics of the fabricated transistors, not only the surface ofnsulated-gate transistors and is explained by the influence of
the channel, but also tietype material beyond the limits of the drain bias voltage as well as the gate bias voltage on the
the mesa structure is exposed to the influence of the plasmgytential distribution in the short channel. An empirical cri-
(Fig. 5. Our previous investigatioishave shown that terion for the minimum channel lengthy,;, [«m], at which
hydrogen-plasma treatment of théype material can change short-channel effects begin to appear, has been developed for

the type of conductivity in a thin layer near the surface, andsijjicon inversion-layer metal-insulator-semiconductbiiS)
indeed this is most likely what happens here. As a result, thgansistor$

capacitance of the contrptn junction increases because, on
the one hand, its area increases and, on the other, alihigh
comparison witing) donor density occurs at the edges of the
p—n junction. But when a bias voltage is applied, the space-

L min= 0-4[rjd(Ws+ Wd)z]lls,

charge region of the—n junction overlaps the thin* layer Source Drain

at the edges, “closing off” this zone from the measurements, /) A\ 4 \ nt
and the capacitance is again determined entirely by the pa- S5t/ ™ S===== = \4
rameters of thgp—n junction within the limits of the mesa l L4 I
structure.

Consequently, hydrogen-plasma treatment of the transisHG. 5. See explanations in the text.
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wherer; [um] is the depth of the drain and sourpen  (with a doping level 3 10'%cm~3), the calculated value of
junctions, d [A] is the thickness of the insulator, and L in is approximately Qum, as opposed tb=5 um.
Wt Wy [um] is the sum of the thicknesses of the source | _

d drain debletion lavers. For an MIS transistor the thick- P. A. Ivanov and V. E. Chelnokov, Fiz. Tekh. Poluprovo@9, 1921
an P yers. _ (1995 [Semiconductor29, 1003(1995].
ness of the insulatod characterizes the degree of “short- 2p. A. lvanov, V. N. Panteleev, R. P. Samsonova, and V. E. Chelnokov,
range action” of the gate on the channel. In the case of a3iiZ-OTeKkh- PO'UPFOVOﬁIFQg ZI'(71(1995’_ [Semigoqdiﬁmkﬁﬁ 125?395)]'-(

. T . . . . O. Konstantinov, N. S. Konstantinova, O. I. on’ ov, E. I. Terukov,
transistor Pt"'z'”g a bu_”ecb._n junction as the gate the and P. A. Ivanov, Fiz. Tekh. Poluprovod®8, 342 (1994 [Semiconduc-
channel thicknesa functions in the same role. By analogy tors 28 209 (1994].
with the above equation, an analogous critefiigg, for our ~ “P.A.Ivanov, N. S. Savkina, V. N. Panteleev, T. P. Samsonova, and A. A.

. . : Maltsev, in Transactions of the Third International High Temperature
transistors can be introduced by replacthgand, for rough Electronics Conferences (HITECAIbuguerque, N.M., 1996 p. P-213.

estimates, {s+wgy) and r;] by the channel thicknesa. SA. O. Konstantinov, P. A. Ivanov, O. I. Konkov, and E. I. Terukov, in
Then, taking into account the relatiMb:qNaZIZg, we can Institute of Physics Conference Series, No. 137, Silicon Carbide and Re-

; ) ; ; lated Materials edited by M. G. Spencer, R. P. Devaty, J. A. Edmond,
determinel i, s afur,](,:tlon of the degree of dopihtof the M. Asif Khan, R. Karlan, and M. Rahmar(IOP Publ., Bristol-
channel and the specified cutoff voltagg. It becomes clear  phjjadelphia, 1998 p. 275.
thatL ,;, will be significantly higher for a high-voltage tran- °J. R. Brews, W. Fitchner, E. H. Nicolian, and S. M. Sze, IEEE Trans.
sistor, which requires a low donor density in the channel, Electron Device=DL-1, 2 (1980.
than for a low-voltage transistor. In our case specificallytransiated by James S. Wood
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