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A flat epitaxial silver film on a gallium arsenide [GaAs(l lo)] surface was synthesized in 
a two-step process. Deposition of a critical thickness of silver at low temperature led to 
the formation of a dense nanocluster film. Upon annealing, all atoms rearranged them- 
selves into an atomically flat film. This silver film has a close-packed (11 1) structure 
modulated by a "silver mean" quasi-periodic sequence. The ability to grow such epitaxial 
overlayers of metals on semiconductors enables the testing of theoretical models and 
provides a connection between metal and semiconductor technologies. 

A n  understanding of the kinetic processes 
that lead to flat layer-by-layer growth of 
epitaxial thin films ( I )  is important in fields 
such as quantum device engineering, where 
precise control of each atomic layer is de- 
sired. Much progress has been made in semi- 
conductor-on-semiconductor and metal-on- 
metal epitaxy (Z), but growing an ideal epi- 
taxial overlaver of metal on a semiconductor 
has proved much more difficult to achieve. 
As a result of the difference in atomic bond- 
ing (metallic versus covalent or ionic) and 
the large disparities in surface diffusivity, 
metals on semiconductors tend to follow a 
three-dimensional (3D) growth mode (3-3, 
even for a lattice-matched system such as Fe 
on GaAs (5). Nevertheless, efforts to find 
such a svstem have continued because an 
ideal metal-semiconductor interface would 
provide a testing ground for many theoreti- 
cal models (6). 

Here, we describe a metal-on-semicon- 
ductor epitaxial system, Ag on GaAs(1 lo), 
that normally follows a 3D island growth 
mode (4). By controlling the growth pro- 
cess, we were able to form an atomically 
flat, e~itaxial Ae film on GaAs(ll0) (7). . . - . . , .  
The kinetic process for this epitaxy differs 
fundamentally from traditional epitaxial 
methods such as molecular beam epitaxy, 
where surface diffusion and surface site in- 
corporation play central roles. In our meth- 
od, the epitaxial growth requires deposition 
of a minimum initial thickness of Ae at a " 
low temperature, leading to the formation 
of a nanocluster film. Upon subsequent 
annealing to room temperature, a flat epi- 
taxial film is formed through an atomic 
redistribution process in which atoms in 
all layers participate. The basic structure 
of this Ag film is close-packed (1 11); how- 
ever, it is modulated by a long-range quasi- 
periodic arrangement along the substrate 
[001] direction. The observed quasi peri- 
odicity is characterized by the "silver 

Department of Physics, University of Texas at Austin, 
Austin, TX 78712, USA. 

'To whom correspondence should be addressed. 

mean" irrationality, which has been stud- 
ied extensivelv since the discoverv of auasi , . 
crystals but has not previously been real- 
ized experimentally (8). 

Atomically flat GaAs(ll0) substrates 
were created by cleaving GaAs bars in ultra- 
high vacuum (UHV). Silver was deposited 
by means of a bead-on-a-filament-type 
paporator (deposition rate, 0.3 to 1.5 
A/min). Silver epitaxy on GaAs(ll0) was 
studied by scanning tunneling microscopy 
(STM) in UHV in two ways: (i) Ag was 
deposited on a GaAs substrate held at low 
temperature (135 K) but was imaged only 
after it was annealed to room temperature; 
(ii) Ag was deposited on a GaAs substrate 
held at low temperature, and its tempera- 
ture-dependent evolution was monitored by 
variable-temperature STM (9) while warm- 
ing to room temperature. 

For a nominal deposition of 15 A of Ag 
at room temperature, we observed the char- 
acteristic 3D island growth morphology pre- 
viously reported (4). The oblong-shaped 
clusters (Fig. 1A) are typically several hun- 

dred angstroms in length and 20 todo A in 
height. For a similar thickness (15 A)  of Ag 
deposited at 135 K, the as-deposited film is 
composed of Ag nanoclusters that have a 
fairlv narrow size distribution (diameter. -2 
to 3 Am) and completely cove; the subsirate 
(Fie. 1B). The formation of the nanocluster . -  . 
film is a direct consequence of the reduced 
diffusion coefficient of Ag atoms at low 
temperature. Upon subsequent annealing to 
room temperature, a perfectly flat, epitaxial, 
single-crystal film with a uniform thickness 
was formed (Fig. 1C). The film also con- 
tained small pits extending down to the 
GaAs substrate. From their depth, the 
thickaess of the film was measured to be 
-15 A. Inside these pits (Fig. ID), atomic 
rows with spacings exactly matching the 
lattice constant of GaAs (5.65 A) were 
observed. Additionally, there were a few Ag 
clusters scattered inside the   it. Outside the 
pit, on the surface of the Ag film, were 
stripes with t~o~characteristic spacings of 
-13 and -17 A, forming a silver mean 
quasi-periodic superstructure (8). This fea- 
ture will be discussed later. 

The as-deposited Ag nanocluster film 
varies in thickness because of the statistical 
nature of the deposition process, yet the 
final film after annealing is atomically flat 
over thousands of angstroms. Apparently, 
all atoms must have participated in the 
formation of this very flat film of a partic- 
ular thickness, which is termed the critical 
thickness (10). This specific thickness is so 
highly preferred that any deficiency results 
in completely empty pits. The formation of 
the pits also allows the 4etermination of 
this critical thickness. 15 A. 

To  further demonstrate the preference 
of the film to reach this critical thickness. 

[ilOv~~i~ F$~llographic 
[, , 0l directions 

Fig. 1. (A) Silver 3D islands cre- 
ated by depositing 15 A of Ag at 
room temperature (RT) on a 
clean GaAsil 1 0) surface. (B) 
Low-temperature (LT) STM irn- 
age (1 45 K) showing the nano- 
cluster morphology. (C) Silver 
2D f~lm created by depositing 15 
A of Ag on a clean GaAs(l10) 
surface at LT (135 K) and an- 
nealing the film to RT. (D) Cur- 
vature Image of one of the pits in 
the f~lm. GaAs atomic rows are 
seen at the bottom of the pit; the 
quasi-periodic superstructure is 
revealed at the top. 
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we performed coverage-dependent studies. 
When only 7.5 W of Ag was deposited at low 
temperature and then annealed to room 
temperature, it did not form a uciform and 
flat film with a thickness of 7.5 A. Instead, 
the film was broken into interconnected 
pieces (Fig. 2A) that were flattened on tog 
and had characteristic heights of 11 to 15 A; 
between these interconnected pieces were 
bare GaAs regions. This result further sup- 
ports the idea that Ag atoms arrange them- 
selves to form a film approaching a critical 
thickness; as a result of the much lower 
initial coverage, the connectivity of the film 
is reduced such that a uniform film of a 
single height cannot be obtained. When the 
initial deposition exceeded the critical thick- 
ness, the surface was completely covered by 
the Ag film, and the excess Ag formed 2D 
islands that were distributed across the sur- 
face (Fig. 2B). The coverage-depgndent 
studies clearly establish that a flat 15 A layer 
is a low-free-energy configuration. 

Low-energy electron diffraction (LEED) 
analysis of the sample covered with flat Ag 
film suggested a (1 1 1)-oriented surface, and 
the lattice spacing of this sample was deter- 

mined from the primary diffraction spots 
to agree closely with the value for bulk 
Ag(ll1) (I 1 ). In addition to the main hex- 
agonal diffraction spots, the LEED pattern 
contains many fractional spots between the 
main spots along the k direction, in parallel 
to the GaAs [001] direction (Fig. 3) ,  consis- 
tent with the superstructure modulation de- 
scribed in Fig. ID. These fractional spots are 
not regularly spaced, and their positions be- 
tween [0,0] and [1,0] do not agree with 
those between [i,O] and [7,0], which indi- 
cates that the real-space modulation is not 
periodic. However, the positions of these 
fractional spots show a well-defined hier- 
archy that can be expanded as linear com- 
binations of two basic units, a and b, with 
integer coefficients m and n, where a = 
0.42 and b - 0.58 (Fig. 3). This well- 
defined hierarchy of the diffraction spots 
signifies that there exists a well-defined 
real-space sequence of the quasi-periodic 
superstructure. 

The two numbers that form the basis of 
the hierarchy are close (to within 1%) to 
the irrational numbers I/(* + 1) = 
0.414 . . . and * / ( ~  + 1) = 0.585.. . . 

The denominator of these fractions can be 
written as a continued-fraction expansion, 
2 +;+$+;++..., whichisknownasthe 
silver mean, in analogy to the well-known 
golden mean (G + 1)/2, which has a 
continued-fraction expansion of 1's. The 
Fibonacci seauence. the fivefold svmmetric 
Penrose tilini, and' icosahedral q"asi crys- 
tals are all associated with the golden mean. 
The golden mean sequence, ABAAB- 
ABAABAAB . . . , can be formed by the 
iteration of S, + , = {S,,S, - ,] from the 
seeds S1 = A and S2 = {A,B]. The silver 
mean sequence can be formed by the itera- 
tion of S, + = {S,,S,,S, - ,] from the same 
seeds, with the result ABABAABABAAB- 
ABABAABABAABABABA . . . (1 0). The 
real-space arrangement shows approximate 
agreement with such a sequence, as dis- 
cussed below. 

The underlying hexagonal lattice is evi- 
dent from the atomic row directions (Fig. 
4A). The atomic rows appear to group togeth- 
er, forming a chainlike structure that runs in 
~arallel to the 17101 direction of the GaAs . . 
substrate. The apparent heights of these atom- 
ic chains are modulated by a superstructure 
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Fig. 2. (A) Morphology of film created by depositing 
7.5 a of Ag at LT and annealing to RT. Two char- 
acteristic mesa heights are shown in the line profile, 
which was taken at the dotted line in the STM 
image. (B) Flat Ag film created by depositing 22.5 
of Ag at LT and annealing to RT. As shown in the 
line profile, 2D islands with single-monolayer height 
are scattered about the surface. 

Fig. 3. LEED spots and the corresponding 
intensity profile along the direction of uniax- 
ial modulation. which is ~arallel to the sub- - - 

Ul - '  + - .- strate G q s  [OOl] direction. The spots 
c : 1 '  01 
3 - between [ I  ,0] and [2,0] are folded to be 
2 : between [ I  ,0] and [2,0]. The k posltlon is 

expressed In unlts of 2.rr/a, where a IS the 
spacing between Ag atomlc rows. All ma- 

> - jor peaks associated with the prlmary 
e 1 
VI - comblnatlon of ma + nb (a = 0.42 and 
c . b .- 0.58) are also marked wlth vertical 
g r , 10.01 , , , , , , , , , - dashed I~nes. 
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Fig. 4. (A) STM Image of Ag film ac- 
qured at a sample bias of -0.5 v. In r r ~ = v r r ~ w ~ ~ v w - n ~ ~ ~ ~  
Atomic row d~rect~ons are ~nd~cated L S L S L L S L S L  L S  L S L S L L + L S L L S L  

4 at the top. (6) Three-dimensional ren- 
I 

S 
dering of a sma!ler STM image; the L 
segment contains a doible-ridge structure whereas the S segment contains a single ridge. (C) STM 
image strip (length, 390 A) in the direction transverse to the atom~c chains. This sequence exactly follows 
that of the silver mean except at the two defect sites, one of which IS marked as an extra L segment and 
the other as a missing S segment. 
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with two characteristic spacings, one -13 A 
and the other -17 A,  correspo~ldi~lg to five 
and seven atomic row spacings in ideal bulk 
Ag crystals. Using the valley of the super- 
modulation as the boundary. we labeled the 
two characteristic spacings as S (short seg- 
ment) and L (long segment) (Fig. 4B). The 
peak of the L segment contains a double-ridge 
structure, whereas the peak of the S segment 
contains a single ridge. 

Atlalysis of a strip of the S T M  image in 
the  direction transverse to the atomic 
chains (Fig. 4C)  shows that this sequence 
follo\vs exactly that of the silver mean, ex- 
cevt a t  two locations, one of which is con- 
strued as a n  extra L segment and the  other 
as a missing S segment. These t ~ v o  locations 
can be considered as the nositions where 
the sllver mean sequence is broken. T h e  
average coherent length of the silver mean 

u u 

quasi periodicity, defined as the mean dis- 
tance between the missing or extra seg- 
ments. is - 100 A. 

 he requirement of a sharply defined 
critical thickness for the  formation of 
atomicallv flat metallic films and  the  nref- 
erence for a silver mean over other  types 
of uuasi-veriodic modulation remain un- . L 

explained. It is also unknown whether 
there is a causal relation be t~veen  the  ex- 
istence of the  critical thickness and the  
forination of the  silver meail quasi-period- 
ic structure,. Further studies will be needed 
to  resolve the  Inally r e lna i~ l i~ lg  questions 
surrou~lding this phenomenon. 
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Mechanism of Suppression of Cell-Mediated 
Immunity by Measles Virus 
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The mechanisms underlying the profound suppression of cell-mediated immunity (CMI) 
accompanying measles are unclear. Interleukin-12 (IL-12), derived principally from 
monocytes and macrophages, is critical for the generation of CMI. Measles virus (MV) 
infection of primary human monocytes specifically down-regulated IL-12 production. 
Cross-linking of CD46, a complement regulatory protein that is the cellular receptor for 
MV, with antibody or with the complement activation product C3b similarly inhibited 
monocyte IL-12 production, providing a plausible mechanism for MV-induced immu- 
nosuppression. CD46 provides a regulatory link between the complement system and 
cellular immune responses. 

Meas les  virus kills 1 to 2 million children 
a111lually (1 ). Itlfectio~l with MV is accom- 
panied by marked and prolo~lged abnormal- 
ities of CMI,  which coiltribute to increased 
susceptibility to secondary i~lfectio~ls that 
account for most of the morbidity and mor- 
tality caused by the disease. In vivo, sensi- 
tization and expression of delayed-type hy- 
persensitivity ( D T H )  responses are inhibit- 
ed for several weeks after acute measles (2) .  
In  vitro, lymphoproliferative responses to 
MV antigen, recall antigen, and mitogen 
are suppressed, and natural killer (NK) cell 
activity is markedly decreased (3). There is 
both in vivo and in vitro evidence of a type 
2 polarization in cytokine responses during 
and after measles: Production of IL-4 1s 
increased and production of IL-2 and gain- 
ma interferon (IFN-y) is decreased (4). Im- 
mu~lization with live-attenuated measles 
vaccine oroduces similar ab~lormalities in 
cellular immune responses (5). T h e  mech- 
anisins responsible for the  marked suppres- 
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sion of CMI  associated with measles have 
remained obscure. 

IL-12 is critical to the development of 
CMI ,  being (i)  a potent inducer of IFN-y 
from T and NK cells, (ii) co-mitogenic for 
T and NK cells, (iii) required for the  devel- 
opment of T h l  responses, (iv) necessary for 
D T H  responses, and (v)  a n  enhancer of NK 
cell cytotoxicity (6, 7). Monocytes and 
macrophages are thought to be the princi- 
pal IL-12-producing cells it1 vivo ( 6 ,  8). As  
with other viruses that perturb CMI ,  such as 
human immunodeficiency virus (HIV),  
monocytes and macrophages are prime tar- 
gets of MV in natural infection (9). Given 
the  close match between the  abnormalities 
of cellular immune function seen in measles 
and the k11ou.11 functions of IL-12, we hy- 
pothesized that MV infection might down- 
regulate the production of IL-12. 

Human monocvtes were isolated bv 
countercurrent eluiriation ( 1  0) from nor: 
ma1 volunteers, infected \vith the Edmon- 
ston wild-tvne strain of MV, and stimulated , L 

with bacterial inducers of IL-12 production. 
Infection of primary monocytes with MV 
down-regulated the stimulated production 
of IL-12, both at the level of the highly 
regulated p40 subu~l i t  and a t  the  level of the 
f ~ ~ n c t i o n a l  p70 heterodimer (Fig. 1 )  ( 1  1 ,  
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