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Atomic structures of Ag 2Te studied by scanning tunneling microscopy
M. Ohto and K. Tanakaa)
Department of Applied Physics, Faculty of Engineering, Hokkaido University, Sapporo 060, Japan

~Received 23 February 1996; accepted 30 August 1996!

Atomic structures of Ag2Te in the low- and high-temperature phases have been studied using a
scanning tunneling microscope in air and an x-ray diffraction system. In the low-temperature phase
having a monoclinic lattice,~001! and ~01̄0! atomic images are obtained. In the superionic
high-temperature phase, which is stable at temperatures above 145 °C,~100! surfaces of the Te
cubic lattice are observed. In both phases, surface atomic reconstructions are not detected. ©1996
American Vacuum Society.
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I. INTRODUCTION

Ag-chalcogenide crystals have been the subject of
tailed experimental and theoretical studies for a long ti
because of the superionic properties observed at relati
low temperatures.1,2 For instance, Ag2Te exhibits a structura
phase transition from a low- to a high-temperature phas
around 145 °C,3 which accompanies a jumpwise increase
the Ag ionic conductivity from 1023 S/cm to a superionic
level of 100 S/cm.2 The crystalline structure is monoclinic i
the low-temperature phase.4 In the high-temperature phase,
is cubic, and Te anions form a face centered cubic~fcc!
sublattice4 through which Ag cations can move easily, th
giving rise to the superionic conductivity.2,5 In contrast, the
electronic conductivity remains mostly constant at a re
tively high value, 102–103 S/cm, which can be ascribed to
degeneraten-type conduction.6 Accordingly, Ag2Te may
also be regarded as a mixed ionic-electronic conductor
the whole temperature range.1,2

Despite the interesting ionic property, little is know
about the atomic surface structure of Ag-chalcogenide m
rials. So far, surface structures and modifications of am
phous Ag–Ge–Se films have been studied using scan
tunneling microscopes~STMs!,7,8 where the studies dea
with nanometer-size structures. Although atomic images
ionic crystals such as NaCl and AgBr have been obtained
atomic force microscopy~AFM!,9,10 further studies are inter
esting for ionic materials, specifically ion-conducting ma
rials.

Therefore, we decided to investigate the atomic surf
structure of Ag-chalcogenide crystals, particularly in the
perionic phase. Because high electronic conductivity is
vorable for STM observations, Ag2Te was felt to be an ap
propriate choice for this study. We will show the first atom
image of the mixed ionic-electronic conductor in the norm
and the superionic phase.

II. EXPERIMENT

Film and bulk forms of Ag2Te were investigated in the
present study. Film samples were synthesized by annea
Te/Ag bilayer films. First, atomically flat Ag films with a

a!Author to whom correspondence should be addressed; Electronic
keiji@hikari4.huap.hokudai.ac.jp
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thickness of 1000–2000 Å were grown by evaporating
pellets onto mica substrates heated at;200 °C, the condi-
tions being previously reported.11 The Ag films were con-
firmed to have~111! orientation by x-ray diffraction and
STM observations. Te films were then deposited to a thi
ness of;100 Å. By annealing this bilayer film in an Ar ga
at 400 °C for 3 h, Ag and Te reacted and changed i
Ag2Te. Polycrystalline Ag2Te was synthesized by melting
stoichiometric mixture of the elements with six-nine puri
in an evacuated silica tube. The sample was held at 100
for 11 h, and then slowly cooled to room temperature in
furnace.

Sample surfaces were inspected using a commercial S
equipment~Digital Instrument, Nanoscope III! slightly cus-
tomized for use at variable temperatures. A resistive he
~53531 mm size! was mounted on the base plate on whi
a sample was fixed. Mechanically sharpened PtIr wires w
utilized as scanning tips. The sample and the tip were c
ered by silicone oil~Toshiba silicone 951A!, which acts to
suppress surface oxidation12 and mechanical vibration a
well. The sample temperature was monitored using a sm
thermocouple attached near the sample. In order to supp
thermal drift arising from heat conduction and air conve
tion, the sample-tip assembly was covered with a small
shield case. The thermal drift of this system at 150 °C w
estimated at;2 Å/s by inspecting a surface of highly or
ented pyrolytic graphite.

Subsidiary measurements were performed using an x
diffraction system. The system consisted of a rotating
anode operating at 50 kV and 250 mA~Rigaku RU-300!, a
variable-temperature sample cell which was attached t
diffractometer stage, a scintillation counter fitted with
graphite monochromator, and a computer.

III. RESULTS AND DISCUSSION

Figure 1~a! shows a typical x-ray diffraction pattern o
Ag2Te films at room temperature. In Fig. 1, the promine
peaks marked with cross and triangle symbols are due to
mica substrate and unreacted Ag metal. Also, a halo p
located around 2u525° is caused by a slide-glass plate whi
holds the sample. The Ag2Te film is estimated to be thin
~;100 Å!; it gives two small peaks which are indicated b
arrows and indexed according to previous studies.4,13
il:
34524(6)/3452/3/$10.00 ©1996 American Vacuum Society
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FIG. 1. X-ray diffraction patterns@~a!, ~b!, ~c!# and STM images@~a8!, ~b8!, ~c8!# of Ag2Te in a low-temperature phase film@~a!, ~a8!#, in low-temperature phase
bulk @~b!, ~b8!#, and in high-temperature phase bulk@~c!, ~c8!#. The STM images are 40 Å340 Å in size.~a!, ~a8! are taken for a film at 20 °C. In~a!, peaks
pointed out by the arrows are diffracted from Ag2Te, the crosses from mica substrate, and the triangle from Ag metal. A broad halo peak at 2u.25° is due
to slide glass which holds the sample. In~a8!, the solid line indicates a~001! monoclinic unit cell.~b!, ~b8! are taken for bulk at room temperature. In~b!, all
the peaks can be indexed due to monoclinic Ag2Te, while only three peaks are denoted. In~b8!, the solid line indicates a~01̄0! monoclinic unit cell.~c!, ~c8!
are taken for bulk at 170 °C. In~c!, the cross indicates the Al~111! peaks originating from the sample holder. In~c8!, the solid line indicates a~100! cubic unit
cell.
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Here, we want to point out the high peak intensity arisi
from ~004! surfaces in Ag2Te. That is, the~004! peak in the
figure is about ten times stronger than that expected for p
der sample in which the intensity ratio between~004! and
~210! is 6:100 @see Fig. 1~b!#.13 This strong~004! intensity
suggests the~001! orientation of Ag2Te crystallites in the
film. Note that~001! and~002! peaks cannot appear becau
these are much weaker.4,13

Figure 1~a8! shows a surface atomic structure of a fil
sample probed at 20 °C. This image is taken using the c
stant current mode~Vs520.1 mV andI t52 nA, whereVs is
the sample voltage andI t is the tunneling current!; the time
needed for scanning a frame is approximately 2 s. While
image is bandpass filtered in the Fourier spectrum, sim
images can be obtained using only low-pass filters, confi
ing that the image is not artificial~this applies to other STM
JVST B - Microelectronics and Nanometer Structures
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images shown in the figure!. Atomic features are clearly vis
ible at bright spots in the gray scale. The averaged surf
corrugation over some cross sections is;0.7 Å in amplitude.
A rectangular lattice~8.1 Å34.5 Å in size!, outlined in this
figure is comparable to the~001! unit cell of the low-
temperature phase Ag2Te.

4 Note that this indexing is consis
tent with the film orientation inferred from the x-ray me
surements. It is also noted that, in the film samples, only
patterns similar to Fig. 1~a8! have been seen under man
inspections, also consistent with the film orientation.

It is not known whether the bright spots observed are d
to Ag or Te atoms. In compound semiconductors such
GaAs, atomic species are distinguishable by collecting
images at different polarity of tunneling bias voltages14

However, no clear voltage dependence has been seen i
present observations; similar images to that shown in F
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1~a8! have been obtained at bias voltages ofuVsu<10 mV. It
is known that Ag2Te is a degenerated semiconductor,6 and
accordingly the absence of the polarity dependence is un
standable; that is, the electron tunneling can occur betw
extended electronic states in the tip and the conduction b
in Ag2Te. Therefore, we cannot identify the origin of th
bright spots. This argument also applies to the lo
temperature phase in bulk samples shown in Fig. 1~b8!.

At bias voltages greater than60.2 V no clear atomic
structure is visible. The reason is speculative at present.
observations may imply deformable surface structures of
perionic materials, possibly due to mobile Ag ions. In fa
holes and/or hillocks of a typical dimension of 50 nm ha
been observed reproducibly after application of voltag
greater than61 V. The details are under study.

At high temperatures, clear atomic images were not
tained in the film samples. Only atomic rows having a d
tance of;5 Å were detected at 162 °C. The results might
due to thermal drift.

Figures 1~b! and 1~c! show x-ray diffraction patterns o
bulk Ag2Te powders in the low- and high-temperatu
phases. The measurements were performed at 20 °C~b! and
170 °C~c!. The dramatic structural change seen is identifi
as the transition from the monoclinic lattice in the low
temperature phase to the cubic lattice in the high-tempera
phase.4 The phase-transition temperature of the bulk sam
was found to be 14766 °C by monitoring the intensity
change of the~1̄12! peak located at 2u529.6°@see Fig. 1~b!#.
We also see in Fig. 1~c! a diffuse scattering peak centered
2u.38°, which has been interpreted as a signature of
disordered Ag lattice.4

An atomic structure of a cleaved surface of a bulk sam
in the low-temperature phase is shown in Fig. 1~b8!. This
image was also taken under the constant current m
~Vs5210 mV andI t51 nA! at 20 °C and a frame-scan tim
of 2 s. The parallelogram lattice~9.0 Å38.1 Å! shown in the
figure coincides with the unit cell of~01̄0! planes in the
monoclinic Ag2Te. An averaged amplitude of the corrug
tion has been measured at;0.7 Å. In the case of the bulk
sample,~001! atomic images, similar to Fig. 1~a8!, have also
been obtained for other cleaved surfaces.

Figure 1~c8! shows an atomic image of the high
temperature phase Ag2Te at 170 °C. This image is taken u
ing the constant height mode~Vs515 mV and set-point of
I t51 nA! and a frame-scan time of 1 s tominimize thermal
drift. However, the measurement was still affected by th
mal drift, and accordingly the image has been filtered.

To confirm the reliability of the image obtained at hig
temperatures, some additional investigations have been d
First, graphite surfaces were inspected under the same
ditions; although somewhat noisy, they gave images with
appreciable distortion. Second, in order to confirm that
bias voltage acts just as a probe, a wider sample area
inspected after imaging a restricted region. No traces of
J. Vac. Sci. Technol. B, Vol. 14, No. 6, Nov/Dec 1996
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previous monitoring have been found atuVsu<10 mV. Third,
the bias-voltage dependence was investigated. Images s
lar to that shown in Fig. 1~c8! have been obtained atuVsu<10
mV, while imaging has been impossible under higher b
voltages. The result implies deformable surface atoms of
superionic crystal.

We see in Fig. 1~c8! a cubic lattice. It roughly coincides
with a unit cell of the~100! surface of the high-temperatur
phase Ag2Te ~6.6 Å36.6 Å! drawn in the figure. Since the
lattice has a fcc structure, we can conclude that the br
spots are Te atoms. No traces of Ag atoms, which mus
positioned randomly, have been obtained.

It is noted that in both the low- and high-temperatu
phases we cannot find any signatures of surface atomic
constructions. Only the unit-cell structures of the bulk cry
tals have been obtained. It is known that the surface rec
struction is influenced by the ionicity of the chemical bon
in the material of interest.15 In this context, Ag-Te bonds are
highly ionic, and, thus the surface reconstruction is unlik
to take place.

IV. SUMMARY

Atomically resolved images of Ag2Te in the low- and
high-temperature phases were obtained for the first time
ing film and bulk samples. In the low-temperature pha
~001! and ~01̄0! surfaces of the monoclinic lattice were ob
served, and in the superionic high-temperature phase,~100!
Te sublattices were imaged. Surface structural reconstruc
was not observed in all the planes.
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