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A two-dimensional state of nonequilibrium electron-hole pairs, associated with the
[111]-electronic layer of surface charge in silicon is observed. It is established that
the two-dimensional electron-hole liquid is not produced in such a system at
temperatures T >2 K.

We have observed previously in silicon MOS structures (metal-oxide-semiconduc-
tor) a new state of nonequilibrium electron-hole pairs (e-4 pairs), associated with the
[100]-hole layer of surface charge.' In the present work we observed a two-dimension-
al state of e-h pairs, associated with the [111]-electron layer of surface charge in sili-
con. The investigation of polarization of recombination radiation of e-h pairs in a
magnetic field under different levels of optical excitation indicates that as a result of
repulsion of e-h pairs a two-dimensional electron-hole liquid (S-EHL) is not formed in
such a system at temperatures 7" >»2 K.

As in Ref. 1 the formation of the two-dimensional state of e-4 pairs as a result of
the binding of excitons with the surface charge is accompanied by the appearance of a
new line of recombination radiation (the S line in Fig. 1), whose spectral width and
spectral position depend on the voltage U on the structure and, therefore, on the
surface charge density n, ~€(U, — U J4med, where €~~3.9 is the dielectric constant of
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FIG. 1. Spectral distribution of recombination radiation of silicon 7 at T=1.9 K, TO/LO line. (MOS
structure 1 P 111, prepared on a plate of Si:P with donor density 7, ~2 X 10" cm~3). The voltage on the
structure U (U<0): 1)0,2) 12.5V, 3)25V, 4) 50 V, 5) 75 V. The level of excitation I,~0.2 W . cm™~2 The
magnetic field H =0. The BE-TO is the emission line of the exciton bound to the neutral donor (phos-
phorus). The inset shows the distribution of the charge in the MOS structure, Av, is the energy of the
quantum of excited radiation, Av is the energy of the quantum of recombination radiation, and M denotes
the metal.

the oxide, U, is the threshold voltage,' e is the charge of an electron, and d is the
thickness of the oxide. The surface density of electrons n, = n, + n, and the surface
density of holes n, at low temperatures in this case are®
v.m v, m
= e e pe - _h hgph
n, = 2 LF () (1)

Here E; and E; are the Fermi energies of the electrons and holes, which determine
collectively the width of the S line along its base. v, =2 and v, = 1 are the number of
valleys® [it is also possible that v, =6 (Ref. 3)]. The effective mass of electrons
m, ~0.4m,,” where m,, is the mass of a free electron. The effective mass of holes at low
hole density is m, ~0.3m,.>* The S line is clearly observed in the region n, ~(0.3—
7)X 102 em ™2, and its width with — 10 V> U> — 75 V depends linearly on U. The
existence of the S line with U'=0 and small values of U with inverse polarity
(0 < U< 12 V) indicates the presence of a built-in charge on the oxide-semiconductor
interface.

A two-dimensional e-4 system forms on the surface of silicon primarily as a result
of the attractive forces acting between the electrons and the two-dimensional elec-
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tronic surface-charge layer. The average distance of electrons in this layer from the
silicon surface, which is determined by the wave function of the lower quantum energy
level, is @, =2 1077 cm. Since the electrons forming the layer of surface charge are
located in a potential well and their density outside the well is small, the attraction of
holes to the metallic electronic layer with low hole density at large distances from the
surface can be approximately described by the image potential,>” V) (z)~ — €*/4€, z,
where z is the distance between the hole and the electronic layer, and €,~11.4 is the
dielectric constant of silicon. For such a potential, in the adiabatic approximation the
radius of the wave function of the hole a” and the binding energy of the lower quan-
tum level E, are®

4h2€0 - _{ mhl 4

2 Y 232
my e 32 eoh

e

a, =

(2)

Here m,, ~0.52m, is the effective mass of holes along the direction z||[111]. The
quantity af =~5x 1077 cm characterizes the average distance between electrons and
holes. For a large density of holes in the region n,, > (ak) 2, the attraction of holes to
the electron layer is due to the electric field E = 4aen, €, !, which is created by addi-
tional electrons with density n, . The presence of this field must lead to the appearance
of an electrostatic shift of the S line in the spectrum toward shorter wavelengths of the
order of AE,, ~(#/2m,, )'*(eE )*’? for n, > (a”)~2 The quantity AE_, characterizing
the energy of the electrostatic repulsion of e-4 pairs can prevent the formation of S-
EHL.! Whether S-EHL is present or missing can be determined by measuring the pair
density n, for different levels of excitation 7.

To measure n, we used a method based on the measurement of the degree of
circular polarization of the radiation P, in a magnetic field H in the Faraday geome-
try.® The degree of polarization of the radiation of nondegenerate two-dimensional
holes and degenerate two-dimensional electrons with |(s, )| € |{/j, )|, where (s,) and
(j,) are the average angular momenta of the electrons and holes,®'° is determined by
the orientation of heavy holes in a magnetic field and is given by

(7Y
Py = aNtz:mh(3g1 El—c}') . 3)
Here u, is the Bohr magneton, o is a constant,” and g* = 3g, is the g-factor of holes.
The energy of the state of light holes is much higher? and does not contribute to the §
line of the radiation. For degenerate holes and degenerate electrons in a weak magnetic
field we would have

Mol HoH )' @

Py = 20y(<s,>—=<j,>)= 20N<3gleﬁ - g4—E7

F F
where g is the g-factor of electrons. It is evident from Figs. 2 and 3 that the quantity
P, for the S line with 7, $0.1 W - cm~2 does not depend on I, and is determined by
curve 1 (Fig. 2), which coincides with the theoretical dependence (3) with oy
= Or0,10=x0.5 and g* = 3g,~2.5. The quantity g* = 2.5 that we have found agrees
well with the quantity g* = 2.4 obtained in Ref, 4. At I, 20.5 W . cm 2, the quantity
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FIG. 2. Dependence of the degree of circular polarization of radiation P, (1-3) at the peak of the § line on
the magnetic field H at a temperature 7'= 1.9 K and voltage on the structure-U = 25-75 V. (H||[111],
Faraday geometry, 70 /LO line). Excitation level 7,: 1) <0.1 W-cm~% 2)0.7W . cm~% 3} 6 W . cm~2 The
dashed curve corresponds to the theory for {(s,) =0, T= 19 K, oy = 0.5, g* = 3g,~2.5. Curve 4 shows
the degree of polarization of the NP emission line of the exciton bound to the neutral donor.

P, decreases with increasing I, and the S line is displaced in the spectrum toward
shorter wavelengths (Figs. 2 and 3). According to (1) and (4), this decrease of Py is
related to the increase in n, and the displacement of the S line in the spectrum toward
shorter wavelengths is due to the electrostatic energy AE,,, which increases with
increasing n,. The theoretical estimate of the electrostatic shift AE, , found from P,
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FIG. 3. Spectral distribution of radiation 7 (1'-6’) and the degree of circular polarization Py (1,3,4,6) of the S
line with 7= 1.9 K in a magnetic field H = 50 kOe (H[{[111], Faraday geometry, 70 /LO line). Voltage on
the structure — U: 1',2',3/,1,3) 25 V; 4',5',6',4,6) 75 V. Excitation level 15:1',1,4,4)<0.1 W .cm™~?%; 2/,5') 0.7
W.cm™?% 3,3,6'6) 6 W-cm~> The dashed curve corresponds to the theory®' with o, = 0.6,
oo~ — 0.55, the ratio of the LO and TO line intensities /;,/I7,=~0.11 and the energy of the LO-TO

splitting 4E; 5.;0~~1.8 meV.
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and n,, agrees in order of magnitude with the observed value of AE,,. The results of
the investigation of polarization of the S line of radiation in a magnetic field indicates
that the density of pairs n, depends on the level of excitation and in the region /P 0.1
W .cm™? the S line is due to recombination of degenerate two-dimensional electrons
and nondegenerate two-dimensional holes with density n, <3< 10'® cm~2. Therefore,
the S-EHL in the two-dimensional system that we studied is not formed at 7 >2 K.

The dashed line in Fig. 3 shows the theoretical degree of polarization of the S line,
calculated by taking into account 7TO-LO splitting.®'° It is evident that at
I, > W .cm™? the observed magnitude of Py at the short-wavelength edge of the line
is much smaller than the theoretical value. This disagreement is caused by the fact that
the nonequilibrium electrons near the Fermi level are oriented in a magnetic field and,
according to (4), decrease Py by an anomalously large amount, 2a (s, ). The amplifi-
cation factor for the spin susceptibility of electrons in this case reaches the value (s, )/
(s,)p = 2.5, where (s,)p = — guoH /4E ¢, g~2.6.*> This phenomenon is apparently
analogous to the amplification of the spin susceptibility of holes in strongly doped Si:B
observed by Altukhov ez al.'® It has also not been ruled out that the observed effect
could be related to the absence of spin equilibrium in the electronic layer.

The electrostatic repulsion between e-A pairs, which facilitates spreading of e-A
pairs along the silicon surface, is the main reason for the absence of the S-EHL asso-
ciated with the surface charge layer. At the same time the two-dimensional e-4 system,
which is similar to the one investigated in this work, is under certain conditions a
useful object for experimental study of a number of interesting phenomena examined
theoretically in Refs. 11-13.
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