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A3Bs semiconductor compounds in the future are the most
promising for further detailed consideration. In this regard,
gallium arsenide is a semiconductor compound formed by el-
ements of groups Il and V of the periodic system — gallium
Ga and arsenic As. Gallium arsenide and its surface proper-
ties attract much attention of researchers due to the possibility
of its wide application in micro- and nanoelectronics technol-
ogy. Despite numerous studies of the surface of semiconduc-
tors, many issues related to its properties and processes at the
interface between two phases remain insufficiently clarified,
especially in terms of the effect of the surface state on the en-
ergy spectrum of electrons in crystals. Interest in these issues
is constantly growing not only from a scientific point of view,
but also from a practical one, in connection with the develop-
ment of semiconductor micro- and nanotechnologies. The de-
velopment of its sections such as thin-layer nanoelectronics
and optoelectronics, devices with MIS structures and charge
coupling, cold cathodes and efficient photocathodes require
an understanding of the processes in the near-surface layer of
a semiconductor both with a free surface and with this free
surface during the adsorption of other substances on it. This is
also important for elucidating the possibility of changing the
surface and near-surface properties of solids in a quite defi-
nite way. Gallium arsenide is the closest binary analog of
germanium. By introducing appropriate impurities, gallium
arsenide can be obtained with both n-type and p-type conduc-
tivity with different current carrier concentrations. This struc-
ture belongs to the crystallographic class of the cubic system,
like germanium. Gallium arsenide and germanium crystallize
in the structure of zinc blende. In view of the foregoing, it is
interesting to study the influence of adsorbed germanium lay-
ers on the surface properties of gallium arsenide single crys-
tals of various types of conductivity by photoemission method
in ultrahigh vacuum. The questions of the influence of these
coatings not only on the emission properties of gallium arse-
nide single crystals, but also the influence of these adsorbed
germanium atoms on the energy structure in the near-surface
region of single crystals are considered.

Key words: photoemission, quantum Yyield, electron energy
distribution, spectral analysis, work function, electron affinity,
band bending, semiconductors.

Introduction. Gallium arsenide and its surface
properties attract much attention of researchers due to
the possibility of its wide application in micro- and
nanoelectronics.

Despite numerous studies of the surface of semi-
conductors, many issues related to its properties and
processes at the interface between two phases are still
insufficiently clarified, especially regarding the effect of
surface conditions on the energy spectrum of electrons
in crystals.

Formulation of the problem. Interest in these is-
sues is constantly growing not only from a scientific
point of view, but also from a practical point of view -
in connection with the development of semiconductor
micro- and nanoelectronics. The development of such
sections of it as thin-layer nanoelectronics and optoelec-
tronics, devices with MIS structures and charge cou-
pling, cold cathodes and efficient photocathodes, etc.
require an understanding of the processes in the near-
surface layer of a semiconductor both with a free sur-
face and with adsorption of other substances on its sur-
face. This is also important for elucidating the possibil-
ity of changing the surface and near-surface properties
of solids in the desired way.

It follows from the foregoing that the adsorption of
foreign atoms on the surface of GaAs single crystals has
a significant effect on photoemission. However, the in-
fluence of coatings on the properties of the surface layer
of gallium arsenide and on the structure of the electron
energy spectrum has not yet been sufficiently studied: it
has not been clarified to what extent different coatings
affect band bending and electron affinity, which is es-
sential for elucidating a method for reducing the work
function of photoelectrons. The choice of such coatings
is due to the fact that various substances (metals, dielec-
trics, semiconductors) differ significantly in their physi-
cochemical properties, and therefore their presence on
the surface of a solid should have a different effect both
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on the properties of the surface of semiconductors and
on the structure of zones in the near-surface areas.

Analysis of recent research and publications. By
changing the conditions on the surface, for example, by
depositing foreign atoms, it is possible to influence the
properties of the near-surface layer. Studies show that
the adsorption of a substance on a solid substrate leads
to various changes in the characteristics of the solid sur-
face, such as the work function [1, 2], current carrier
mobility in the near-surface layer [3], photoemission
properties [4—6], etc. These the changes occur both as a
result of the appearance of an electric field layer in the
layer of the near-surface volume charge, and as a result
of a change in the electronic structure of a solid near the
surface.

The study of the surface of solids and its influence
on the physical properties of the latter is carried out by
various methods: optical, slow electron diffraction, field
effect, studies of the contact potential difference, elec-
tron spectroscopy, and photoemission. Each of these
methods has its own advantages and disadvantages [7].
However, the advantage of the photoemission method is
that it allows obtaining more information about the en-
ergy spectrum of electrons in semiconductors and, thus,
makes it possible to follow the changes in this spectrum
with changing surface conditions.

Especially a lot of recent work has been devoted to
studying the effect of adsorption of Cs, Cs-O [8-10] on
the surface properties of gallium arsenide by the photo-
emission method. This is due to the fact that in this case
an effective emitter with a negative electron affinity is
obtained [11-13]. However, most of these studies are
purely practical and do not pay due attention to the elu-
cidation of the surface properties of gallium arsenide.

The high efficiency of photoemission from p-type
GaAs heavily doped with zinc (p =~ 1-10" cm™) upon
adsorption of Cs-O is due to the negative electron affini-
ty that arises in this case [13], however, the high photo-
emission efficiency p-type GaAs samples with a much
lower level of germanium doping (p ~ 5-10"7 cm ) were
also observed with the same surface treatment of Cs and
O [14].

Isolation of previously unsolved parts of the
general problem to which this article is devoted. It
can be assumed that the high efficiency of photoemis-
sion in p-type GaAs samples doped with germanium
could be due either to the effect of germanium on the
bulk properties or to the special conditions formed on
the surface of gallium arsenide due to the presence of
germanium atoms there.

Formulation of the problem. In this regard, it is
of interest to find out how the adsorption of germanium
atoms affects the photoemission from samples of galli-
um arsenide single crystals of various types of conduc-
tivity.

Purpose of the article. Photoemission methods
were used to study the effect of adsorption of germani-
um atoms on the properties of the near-surface layer of
gallium arsenide, as well as on the structure of the ener-
gy spectrum of electrons:

a) spectral distribution of the photoemission quan-
tum yield Y(hv);

b) energy distribution of photoelectrons N(E).

Research result. The studies were carried out in a
nanometric ultra-high-vacuum photoelectron spectrome-
ter [15] on GaAs samples (both n-type and p-type), the
physical parameters of which are presented: — concen-
trations of current carriers, respectively, for each used n-
type sample: 5-10"° sm™, 1,24-10"7 sm~, 3,1-10"7 sm™
and p-type sample 1,4-10" sm™; mobility of the sam-
ples respectively:4350 sm*/V-sec, 4000 sm’/V-sec,
3200 sm*/V - sec, 42,3 sm?/V - sec; resistivity: 1,16+ 1072
Om-cm, 3,84:10° Om-cm, 9,47-10° Om-cm, 4,6°
10~ Om-cm. The orientation of the planes was con-
trolled by the X-ray diffraction method, and the devia-
tion from the indicated direction did not exceed 3°. For
each of the four: 1n - (110); 2n - (110); 3n - (111); 4p —
(110) of the investigated samples, the emitting planes
were ground and chemically polished in a mixture of
1 (H202)23(H2804)Z 1(H20)

All studies were carried out at different thicknesses
of the germanium coating of the gallium arsenide sur-
face under the same vacuum conditions (p = 2-107°
Torr), the results obtained for all samples could be com-
pared with each other. The thickness of the adsorbed
germanium layer was determined from the deposition
time from a calibrated source. The film thickness during
one coating cycle was ~ 3A°, and taking into account
the size of germanium atoms (the radius of germanium
atoms is ~ 1.32 A°), we can assume that the resulting
film corresponds to a monolayer coating of the surface
of gallium arsenide with germanium.

The deposition source was calibrated using the
Tollansky interference method to measure the thick-
nesses of the evaporated germanium layers.

1) Spectral distribution of the quantum yield of
electrons from GaAs when its surface is coated with
germanium.

For all coatings, the spectral distribution of the
photoemission quantum yield Y(hv) was measured. The
results of such measurements for sample 2n are shown
in Fig. 1. It can be seen that the adsorption of germani-
um on the surface of gallium arsenide increases the
quantum yield (curve 2). The maximum quantum yield
is observed at coverage levels 6 = 2 monolayers. And
when the degree of coverage is already 6 = 3 monolay-
ers, the quantum yield begins to decrease.

Structural features are not observed on the curves
under consideration, and no noticeable change in the
long-wavelength photoemission boundary is found ei-
ther.

The found value of the photoemission threshold
(from the extrapolation of Y'* from /v) for sample 2n
was hv, = 4.24 eV. Such an insignificant decrease in the
photoelectronic work function cannot explain the ob-
served increase in the quantum yield.

The relative increase in the quantum yield (Yge—
Y)/Y depending on the photon energy (curves 4, Fig. 1.)
differs significantly from the corresponding dependenc-
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es in the case of GaAs surface coating with Ba and O
[16] and is selective. At photon energies corresponding
to interband transitions in (hv = 4.6 eV and Av = 4.8
eV), the greatest increase in the photoemission quantum
yield is observed. Such dependences are observed for all
studied samples of gallium arsenide coated with germa-
nium.
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Fig. 1. Spectral distribution of the quantum yield
of GaAs (sample 2n):
1 — without Ge coating; 2 — with Ge coating:
a * — 1 monolayer; b * — 2 monolayers; ¢ ° — 3 monolayers;
4 — spectral distribution when coated with barium
(6 = 0.5 monolayer); 3 — relative increase in quantum
yield upon coating

The selective relative increase in the quantum
yield of photoemission (Y. — Y)/Y when the GaAs sur-
face is coated with germanium shows that the dipole
mechanism for reducing the work function in the pres-
ence of foreign atoms on the surface does not take place
in this case.

When a barium layer (6 = 0.5 monolayer) is depos-
ited on germanium-coated gallium arsenide surfaces,
structural features appear (curve 3, Fig. 1) at photon en-
ergy: hv =4.8 eV; hv =4.6 eV and hv = 4.4 eV, which,
as shown [16,17], corresponds to optical transitions in
GaAs. This suggests photoemission comes from gallium
arsenide.

To elucidate the reason for the increase in the
quantum yield Y(%4v) (curves 2, Fig. 1) upon coating the
surface of gallium arsenide with Ge, experimental stud-
ies were carried out to study the energy distribution of
photoelectrons in samples 2n and 4p.

2) Energy distribution of photoelectrons N(E)
from GaAs when its surface is coated with germani-
um.

The energy distribution of photoelectrons was
measured for both uncoated and germanium-coated sur-
faces of samples 2n and 4p (Fig. 2.). It can be seen that
for all degrees of coverage 0, the distributions have two
maxima, one of which I corresponds to a direct inter-
band transition in gallium arsenide (E = 4.6 e¢V) and is
also observed in the energy distribution of a sample un-
coated with germanium. The second maximum II for
both studied samples is located at the same energy dis-
tance from maximum I. This energy distance is less than

the energy distance between the maxima in curves 4 in
Fig.1. For sample 4p, the intensity of maximum II when
coated with germanium 6 = 2 is much higher than the
intensity of maximum I. For sample 2n, the difference
between the intensities of maxima I and II is much
smaller.

With a change in the degree of germanium
coverage 0, the intensity of maxima I and II changes:
with an increase in the intensity of maximum II, the
intensity of maximum I decreases. The highest intensity
of maximum II is observed at § = 2 monolayers, but at 0
= 3 monolayers, the intensity of this maximum
decreases, while the intensity of maximum I increases.
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Fig. 2. Energy distributions of photoelectrons
for samples 2n(a) and 3p(b). The curves were taken
at different photon values hv, eV:
1-4.68;2 - 4.89; 3 — 4.99 (without germanium coating),
1'—4.68; 2' - 4.89; 3' — 4.99 (with germanium coating:
a *— 1 monolayer; b *— 2 monolayers; ¢ © — 3 monolayers

As the photon energy hv changes, as can be seen
from the presented experimental data (Fig. 2.), the max-
ima of I and II shift along the energy scale so that AE,,,,
#+ Ahv. This indicates that the observed electronic transi-
tions are direct. The electronic transition energy corre-
sponding to maximum II on the energy distribution
curves is 4.7 eV. There is no transition with such an en-
ergy for GaAs.

Such a transition was not found in the study of
GaAs with a reduced work function by coating with Ba
[18] BaO [19], as well as in the works of other authors.

If we assume that the observed transition is due to
the optical excitation of electrons in the germanium lay-
er, then the intensity of this transition, as the degree of
coverage 0 of the gallium arsenide surface with germa-
nium, should also increase. However, with an increase
in the degree of coverage 0, the intensity of this elec-
tronic transition decreases, as is observed in the experi-
ment (Figs. 2a and 2b, curves 3'b and 3'c). Therefore,
there is no reason to attribute this electronic transition to
germanium alone.

The authors in [20] showed the significance of the
local action of the electric field on the local electronic
structure of a solid. If we assume that in the case of the
interaction of germanium with gallium arsenide, a simi-
lar effect of germanium atoms on the electronic struc-
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ture of gallium arsenide occurs, then the additional max-
imum may be due to such an effect.

An analysis of the energy distributions, carried out
by the method of shifting the energy distributions by the
photon energy hv (Fig. 3a and Fig. 3b), showed that ad-
sorption of germanium atoms on the surface of gallium
arsenide single crystals leads to a slight decrease in the
photoelectronic work function. This decrease (Fig. 3a)
for sample 2n is due to the shift of the low-energy edge
of the distribution (Er — L;) > (Ef — L), i.e. due to a
change in the electron affinity y. For sample 4p, there is
an insignificant shift of the high-energy edge AH to-
wards the Fermi level Eg, i. e. the bending of the zones
slightly decreases; the low-energy edge of the L; distri-
bution shifts so that (Er — L,) > (Er — L), and, conse-
quently, for the p-type GaAs sample, the electron affini-
ty % decreases when germanium is adsorbed on its sur-
face.
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Fig. 3. Energy distributions of photoelectrons shifted by hv
from (a) 2n and (b) 4p samples. Curves 1 — without
germanium coating; 2 - when coated with germanium.
Photon energy hv =4.99 eV

The energy parameters experimentally obtained for
samples 2n and 4p from the spectral distributions of the
quantum yield and energy distributions of photoelec-
trons are presented in Table 1.

It can be seen from the results presented in the ta-
ble that the decrease in the photoemission threshold hv0
and the thermionic work function ¢, for n-type GaAs
samples upon adsorption of Ge atoms on the surface of
gallium arsenide single crystals is due to a decrease in
the electron affinity y. The position of the Fermi level
Er remains almost unchanged. In a p-type GaAs sample,
upon adsorption of Ge atoms on the surface of gallium

arsenide single crystals, along with a decrease in the
electron affinity y, there is an insignificant change in the
bend of the bands ¢, on the GaAs electron surface.

Thus, the reasons for the appearance and behavior
of the second maximum on its surface of Ge atoms have
not been finally revealed.

However, the observed increase in the quantum
yield at photon energies hv corresponding to direct in-
terband transitions in GaAs (Fig. 1, curves 4) and the
behavior of the maxima in the energy distributions of
photoelectrons with a change in hv and the degree of
coverage 0 (Figs. 2a and 2b) suggest that the interaction
of germanium atoms with gallium arsenide atoms leads
to a local change in the electronic structure in the semi-
conductor.

Conclusions.

1. A study of photoemission from GaAs samples
of various types of conductivity during adsorption of
germanium on its surface was carried out. The adsorp-
tion of germanium on the surface of gallium arsenide
leads to an increase in the quantum yield Y(Av) in the
entire region of the studied photon energy spectrum.
This increase in Y(/#v) cannot be explained by the ob-
served decrease in the photoelectron work function ¢,

The relative increase in the quantum yield upon
coating the surface in GaAs with germanium is selec-
tive. The largest relative increase in (Yge — Y)/Y is ob-
served at the photon energy Av, which corresponds to di-
rect transitions in GaAs in the X direction with an ener-
gy of 4.6 eV and the I'l5v — T'15¢ transition with an
energy of 4.8 eV.

2. In the photoelectron energy distributions, along
with a maximum % corresponding to a transition in
GaAs in the X direction with an energy of 4.6 eV, an
additional maximum with an energy of 4.7 eV is ob-
served. This additional maxim cannot be attributed to
the direct transition in GaAs, nor to the transition in Ge.

3. The change in the thermionic work function ¢T
during the adsorption of germanium on the surface of
gallium arsenide is due to a decrease in the electron af-
finity ¥, and in the sample of p-type GaAs, an insignifi-
cant decrease in bands is observed.

4. The interaction of germanium with gallium ar-
senide possibly leads to a local change in the electronic
structure in GaAs, which, apparently, leads to the ap-
pearance of an additional electronic transition and stim-
ulates an increase in photoemission.

In the future, it is planned to consider this experi-
ment in more detail using additional optical methods for
studying the essence of the issue of direct electronic
transitions.

Table
Ne hve, eV @., eV (EeEy)y, eV (E~E,)s, eV eV eV
sample 05 T> F v)Vs F v)Ss X (po,
2n 43 4,13 37 0,17 2,90 1,20
2NGe 424 4,06 ’ 0,18 2,834 1,19
4p 143 433 ~0,032 0,10 3,03 ~0,13
4pge 434 423 0,06 2,94 ~0,09
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CraniciaBosa H.A. BriiuB Ha ¢oToeMiciiini BiacTuBocTi
GaAs agcop6oBanux atomiB Ge

Hanisnpogionuxosi 3'eonannss A3;Bs y nepcnekmusi €

HaunepcnekMuGHiuuUMU 01 NO0AIbLULO20 OOKIAOHO20 PO32iis-

oy.

YV yvomy eionowenni apcenio eaniio € nanienpogionuxo-

sum 3'eonannsam, ymeopenum enemenmamu I11i V epyn nepio-
ouunoi cucmemu — eaniem Ga ma muw'skom As. Apcenio ea-
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210 Mma 11020 nogepxHesi NACMUEOCI NPUGEPMAIOMb ENUKY
y8az2y OOCHIOHUKIB y 36'A3KY 3 MONMCIUBICMIO 1020 WUPOKO20
3aCcmocy8ants Yy mexHiyi Mikpo- ma HamoerekmpoHixku. He-
36a0CAIOYU HA YUCAEHHI 00CTIONCEHHS NOGePXHI HANI8Nposio-
HUKI8, bazamo numawub, NO8'A3aHUX 3 Ii 61acCmMuUeoCmAMU ma
npoyecamu Ha medxici po30iny 080X pas, 3anumarmscs Heoo-
CMamHbo 3'9COBANUMU, OCOOAUBO WOOO GNIUSY CIAHY NOGep-
XHI HQ eHepeemuyHuli Cnekmp enekmpowie y kpucmanax. In-

mepec 00 yux NUManb HOCMILIHO 3pOCMAE He uue 3 HAyKOGOi

MouKu 30py, ane i i3 NPaKmuyHoi, y 36'a3Ky 3 pO36UMKOM HA-
nienposiOHUK080I MIKpO- ma HaHomexHono2iu. Po3spobka ma-
Kux ii po30inig, AK MOHKOWAPOBA HAHOENeKMPOHIKA ma on-
moenekmponixa, npucmpoi 3 MAII-cmpykmypamu ma 3aps-
008UM 36'I3KOM, XOJOOHT KAmMoou ma eheKmueHi homokamo-
Ou BUMa2arOmsb po3yMIiHHA NPOYECi8 y NPUNOBEPXHEBOMY Wapi
HanienposioHUKa 5K 3 GLIbHOI NOGEPXHEI0, MAK I 3 YIEIO Gillb-
HOIW NnoGepxHeio npu aocopbyii inwux peuosun Ha Hei. Lle
6aDICIUGO [ 0N 3'ACYBAHHA MONCIUBOCTNI 3MiHU NOGEPXHEBUX
ma npunoeepxHesux 61acmueocmeli meepoux Mmiin yiikom neg-
HUM YuHoM. Apcenio eanito € Haubaudxcyum OiHaApHUM aHalo-
2om eepmaHito. Beedennam ionosionux 0omiwox apcewio ea-
JIE10 MOdKce OYmu OmpuManuil 3 nPOGIOHICMIO K N-MUNy, Mmax i
p-muny 3 pisHumu Konyenmpayiamu uociie cmpymy. Cmpyk-
mypa apcenioa 2anilo HANeiCumv 00 KpUcmanozpagivnozo
Kaacy Kyoiunoi cucmemu, sk i eepmaniii. Apcenio eanito i eep-
MaHiti Kpucmanizylomscs @ CmpyKmypi yunkoeoi obmanxu. 3
021510y Ha CKA3aHe suuje, Yikaso npoeecmu 8usUeHHs Gomoe-
MICIUHUM MemMOOOM Y HAOBUCOKOMY 6AKVYMI 8NIUE a0CcopOO-
B6AHUX WAPIE 2ePMAHII0 HA NOBEpPXHe8l 6AACMUBOCTI MOHOK-

pucmanis apcenioy 2anito pisno2o muny npogionocmi. Taxoc
PO32NAHYMO NUMAHHA GNIUBY YUX NOKPUMMIE AK HA eMiCiliHi
671aCMUBOCMi MOHOKPUCTANIE apCeHioy 2anito, a il 6NaAu8 yux
aocopbosaHux amomie 2epmManilo Ha eHepeemuity CmpyKkmypy
6 NpUNoBepxHesill 001ACmi MOHOKPUCMAIG.
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