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X-Ray Structure Analysis of Ultra-Thin Silver Films on
the (0001) Surface of the Topological Insulator Bi2Se3
Sumalay Roy, Andrey Polyakov, Katayoon Mohseni, and Holger L. Meyerheim*
Using surface X-ray diffraction we have studied the atomic structure of ultra-
thin sliver films deposited in the one monolayer thickness-regime on the
(0001) surface of the Topological Insulator Bi2Se3. Depending on the
preparation of the substrate surface, different interface structures are formed.
For sputter-annealed single crystalline Bi2Se3 (0001) silver atoms substitute
bismuth atoms within the first quintuple layer and simultaneously reside in
surface hollow sites. When silver is deposited on a substrate grown by
molecular beam epitaxy and which was only annealed prior to silver
deposition, only adsorption in surface hollow sites is observed. Neither
intercalation into the van der Waals gap nor its vertical expansion is observed
in any case. An expansion induced appearance of surface states can be
excluded.
Topological insulators (TIs) have attracted intense interest owing
to their fascinating properties. While insulators in the bulk, they
host a topologically protected surface state (TSS) at the surface
which is robust against perturbations as long as time reversal
symmetry is preserved. A large variety of studies, both
experimental and theoretical have been carried out to investigate
the effect of adsorption of magnetic and non-magnetic foreign
species on the electronic structure of TI’s. Due to its large band
gap of the order of 0.3 eV, Bi2Se3 represents a prototype of a TI,
and after several years of research it can be concluded that the
(0001) surface Bi2Se3 can be regarded as highly reactive against
adsorption, at least as long as the sample surface is kept at a
temperature above 160K. For instance, recent quantitative
surface-structure determinations of in-situ deposited films in the
sub-monolayer range have revealed that d-transition metal ions
like gold, chromium, manganese or iron substitute bismuth
atoms within the first quintuple layer (QL), while alkali atoms
like cesium or hydrogen atoms replace top-layer selenium
atoms.[1–4]

Already several years ago, the effect of alkali adsorption[5–7]

and several other species[3,8–12] on the electronic structure of the
TI and its TSS have been investigated. It was found that the TSS
is stable while an adsorbate induced shift of the energetic
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position of the Dirac point is induced. Most
importantly, the appearance of new
Rashba-split surface states has been iden-
tified. This was attributed to downward
band bending leading to a confinement of
the conduction electrons by a surface
potential well. Another interpretation was
suggested involving a strong expansion of
the van der Waals (vdW) gap.[13] This
requires the expansion by at least
10–20% which might be conceivable by
intercalation of large atoms or molecules.
In this context, recent angle-resolved
photoemission experiments on sub-
monolayer to monolayer amounts of silver
deposited on Bi1.5Sb0.5Te1.7Se1.3 were inter-
preted in this way, also referring to
previous experimental[14] and theoretical[15,16] work. Based on
scanning tunneling microscopy (STM), Ye et al.[14] propose
massive silver intercalation into the vdWgap thereby leading to a
detachment of the top QL and a relocation of the TSS charge
density to the space beneath the top QL and the concomitant
appearance of the parabolic and M-shaped states.

In order to analyze the evolution of the Ag/Bi2Se3 (0001)
interface formation we have carried out a detailed surface X-ray
diffraction (SXRD) analysis. SXRD has been recently success-
fully applied to study the geometric structure of pristine and
adsorbate covered Bi2Se3 (0001)[1,2,17,18] and is an ideal tool to
study the interface structure of buried interfaces.

The experiments were carried out in situ by using an ultra-
high-vacuum (UHV) z-axis diffractometer at the Max-Planck-
Institute in Halle using a microfocus X-ray source (Cu-Kα) and
a two-dimensional (2D) pixel detector (Pilatus 100k). Integrated
X-ray reflection intensities were collected along the (integer)
order crystal truncation rods (CTRs) under total reflection
(incidence angle¼ 0.3 deg.). Symbols in Figure 1 represent
experimental structure factor intensities, Fj j2, which were
derived from the integrated intensities, Iobs1 Fj j2, after correct-
ing for instrumental factors.[19,20] The CTRs arise due to the
truncation of the bulk crystal and their intensity can be calculated
analytically.[21,22] The third reflection index, L ¼ qz=c

� is a
continuous parameter. Here, qz and c

� represent themomentum
transfer normal to the surface and reciprocal lattice unit,
respectively. The structure analysis is based on the interference
between the scattering amplitude of the substrate (FCTR) with
that of the adlayer (FAD): Fj j2 ¼ FCTR þ FAD � exp iϕ½ ��

�
�
�
2
, where

the phase factor formally accounts for the registry between
adlayer and substrate.

Silver was deposited from a well degassed electron beam
evaporator on two different samples, namely (a): an MBE grown
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Figure 1. Experimental (symbols) and calculated (lines) structure factor
intensities, jFj2 along several CTR’s for silver on the MBE grown film (a)
and the single crystal (b). Curves are shifted for clarity.
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(0001) oriented Bi2Se3 film of about 13 nm thickness and (b) on a
Bi2Se3 (0001) single crystal. The structures of the pristine
samples were studied in previous publications.[17,18] In the
following we refer to these as “MBE” and “single crystal” (SC),
respectively. The SC substrate was prepared by mild Ar-ion
sputtering (Ekin ¼ 500 eV) followed by annealing at about
480 �C, while the MBE substrate was only heated up to about
250 to 300 �C in order to reduce the amount of water
contamination on the surface. Owing to the low film thickness,
no sputtering or annealing above the 400–450 �C temperature
regime is possible without destroying the film or its complete
evaporation. The amount of silver was estimated by Auger
electron spectroscopy (AES) and ex posteriori by the analysis
which is sensitive to the coherent fraction of adsorbed silver.

Selenium and bismuth atoms occupy only high symmetry
sites (1a, 1b, and 1c) in the plane group p3m leaving only the
z-position as a free parameter per layer in addition to the Debye
parameter (B ¼ 8π2U) representing thermal and static disorder
with U being the mean squared displacement amplitude.[23]

This considerably facilitates the fit problem. Silver atoms were
placed in different amounts on different sites of the substrate
and the vertical positions were simultaneously refined by least
squares fitting of the calculated structure factor intensities

jFcalcj2 to the jFobsj2 using the program “Prometheus”.[24] In

Figure 1 the jFcalcj2 are plotted as solid lines, which follow
the experimental data in detail. The fit quality is quantified by
the un-weighted residuum (Ru),

1 which is equal to 0.18 for the
MBE and the SC sample. We note that in the case of the MBE
sample, twinning of the film has to be considered,[18] that is,
there is an incoherent superposition of two 60� oriented
domains.

The structure models derived on the best fits are schematically
shown in Figure 2. Large (grey) and small (red) spheres represent
bismuth and seleniumatoms, respectively. The Figure only shows
the topmost quintuple layer and the first vdWgap, deeper parts of
the structure were found to be bulk-like with no significant
1Ru¼ Σ|Fobs|�|Fcalc|/Σ|Fobs| are the experimental and calculated
structure factors, respectively. The summation runs over all datapoints.
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relaxations.Silveratomsarerepresentedasbluespheres.There isa
distinct difference between the structures:
(i)
2

stan
P:¼

2 of
For the MBE sample we find that silver atoms occupy both
threefold hollow sites on the surface. These sites are labelled
as “fcc” and “hcp” owing to the resemblance of the stacking in
densely packedmetal structures with “fcc” and “hcp” being a
site above the third layer selenium and the second layer
bismuthatom, respectively.Theoccupancyof the twosites lies
in the 60% range, that is the layer filling is far from being
complete. This might be attributed to steric reasons
considering the fact that the closest Ag─Ag distance in
neighboring hollow sites is equal to 2.39 Å while the distance
in bulk silver is equal to 2.88 Å. However, one should keep in
mind that the effective atomic radius strongly depends on the
coordination number and it shrinks by as much as 10–15%
when the coordination number is reduced from 12 to 4.[25,26]

Thus, the formation of a dense silver overlayer -albeit with a
large number of defects- appears as a reasonable model.
The relaxationof the vertical position yields aAg─Sedistanceof
3.23 and 3.32 Å for the fcc and the hcp site, respectively. The
differenceofabout0.1 Å isnot consideredassignificant.Wecan
compare the Ag─Se bond distance with those in bulk AgBiSe2
investigatedbyS.GellerandJ.H.Wernick[27]whofor thetrigonal
phasefindvalues between2.81 and2.86 Å,while the sumof the
atomic radii yields 2.75 Å with (rAg ¼ 1:60 Å, rSe ¼ 1:15 Å
according to Slater[28]). Thus, we can conclude that the bonding
of the silver to the selenium atoms is rather weak. Nevertheless
there is an effect on the back-bonding of the selenium atoms to
the second layer bismuth atoms. This is manifested by a
significantly enhanced expansion of the top layer spacing (d12)
by þ26% as compared to the bulk value (1.587 Å).[18] Such an
expansion of d12 in Bi2Se3 is not uncommon and has been
observed in anumber of recent studies, such as. for example for
Cs adsorption onMBEgrownBi2Se3 (0001) (þ24%)[4] and even
for carbon-doped pristine Bi2Se3 (0001)(þ11%).[17] The uncer-
tainty for the determination of the dij within the first QL is
estimated to be�3 percentage points, i.e. for the MBE sample
thedeeper layerscanbeconsideredasunrelaxed.Finally, thereis
no evidence for any intercalation of silver into the vdW gap to
within theaccuracyof about10%of amonolayer asdiscussed in
more detail in the following.
Figure 3 shows a contour plot of the goodness of fit (GOF)2

versus theoccupancy factors of silver residing in thehcpand the
vdWgap site. The global minimum is at about 60% for the hcp
site occupancy and at 0% for the vdW site occupancy. Any
increase of the latter increases the GOF. From the variation of
the GOF we estimate an uncertainty of about 10% for the
occupancy factors.
(ii)
 For the SC sample the structure is distinctly different. Both
bismuth layers are alloyed by about 30% with silver, while
only the hcp surface site is occupied. Simultaneously, some
fraction of bismuth is also located at the surface fcc site,
possibly by bismuth atoms released by the Ag─Bi alloying.
, with I¼ |F|, σ:¼
dard deviations of the data points, N:¼ number of data points,
number of parameters.
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Figure 2. SXRDderivedstructuremodelof theAg/Bi2Se3 (0001) interface for silver on theMBEgrown film(a) and for silver grownonsputter-annealedsingle
crystalline Bi2Se3 (0001) (b). Numbers indicate interatomic distances in Ångstrøm units. Relaxations relative to bulk are given in percent on the right.
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The Ag─Se distance is equal to 2.46 Å indicating a much
stronger bond as compared to the MBE sample. This might
be related to the fact that here no dense silver layer is formed
and that the remaining hcp-site silver atoms form a stronger
bond to selenium. As a result of the complicated structure
including two alloyed layers, the pattern of inter-layer
relaxations is also considerably more complex for which a
(þ,�,þ,....) sequence is observed. The near surface structure
of the SC sample resembles a disordered form of the
trigonal bulk AgBiSe2 phase.

[27] The latter is characterized
by an ordered layer sequence (...Ag─Se─Bi─Se─Ag─Bi...),
albeit without a vdW gap.
In summary, we have presented a SXRD analysis of the
Ag/Bi2Se3 (0001) interface formation and find different
structures depending on whether the sample surface was
treated by sputter annealing or not. In the first case the surface
is reactive and deposition of silver at room temperature leads to
re 3. Contour plot of goodness of fit (GOF) versus occupancy of the
nd the vdW gap site. One contour level corresponds to an increase of
elative to the best fit (GOF¼ 1.21). The vdW gap site is not occupied
lver to within the experimental sensitivity of about 10%.
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the formation of a Ag–Bi alloy within the topmost quintuple
layer while for the second (MBE) sample, a silver overlayer is
formed which weakly interacts with the substrate. The
differences in the reactivity of the two surface is attributed
to the creation of defects by sputtering, which is not uncommon
and has been observed in similar cases.[4,29] In no case we
observe intercalation of silver into the vdW gap site. Thus, the
observation of Rashba-split surface states seems not to be
relatable to the gap expansion, rather to the adsorbate induced
band bending.
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