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Lat est ad vances in nanochemistry made pos si ble the syn -
the sis of highly monodisperse col loi dal nanoparticles. In
par tic u lar, mag netic nanoparticles be come in creas ingly
im por tant in ap plied ma te ri als sci ence (bio-ap pli ca tions,
emerg ing spintronic de vices, etc.). Well cor re lated
nanoparticle tem plates re sult from the pro cess of spon ta ne -
ous nanoparticle self-as sem bly which is a fast and cost ef -
fec tive way of fab ri ca tion of nanoparticle monolayers.
Here we re port on a real time ob ser va tion of the spon ta ne -
ous self-as sem bly pro cess of superparamagnetic Fe3O4

nanoparticles in a fast dry ing col loi dal drop by graz ing-in -
ci dence small-an gle X-ray scat ter ing (GISAXS). The ex -
per i ments were con ducted at BW4 beamline at
HASYLAB. The fo cused X-ray beam of the size

65 ´ 35 mm2 and the wave length of 0.138 nm hits a sil i con

sub strate at 0.2° graz ing an gle of in ci dence. The X-ray
cam era PILATUS 100K with the read-out time of 3 ms be -
tween sub se quent frames and the pixel size of

172 ´ 172 mm2 was used at a dis tance of 225 cm from the
sam ple. The ex po sure time of a frame was set to 25 ms. The 
col loi dal drop was ap plied man u ally on the sil i con sub -
strate. The zero of the time scale is re lated to the ac ti va tion
of the hutch in ter locks and has some 30 s de lay with re spect 
to the drop ap pli ca tion. In these mea sure ments, the ab so -
lute time scale is not rel e vant. To re late time evo lu tion of
the re cip ro cal space and di rect space fea tures and to lo cal -
ize the nanoparticle self-as sem bling, ver ti cal or hor i zon tal
sam ple os cil la tions were ap plied (Fig. 1).

In the first stage af ter ap pli ca tion, the drop wets the sub -
strate and the drop con tact line reaches its max i mum di am -
e ter. The sec ond stage is dom i nated by a lin ear de crease of
the drop mass ac com pa nied by a shrink ing of the drop con -
tact line. The nanoparticles serve as pin ning cen ters which
can be ob served as a grad ual stick-slip mo tion of the drop
con tact line. The third stage starts when the evap o ra -
tion-driven sur face ten sion in sta bil ity ini ti ates ran dom
drop move ment along the sub strate. In this study, we ad -
dressed mainly the sec ond evap o ra tion stage that is re spon -
si ble for self-as sem bling. In the zone Z0 (Fig. 1), the
sam pling beam is lo cated above the drop sur face and only a 
back ground scat ter ing is re corded. The lim its of the zone
Z1 are de fined by the first con tacts of the beam with the
drop sur face and the sub strate. Here, the scat ter ing is due
solely to the drop near-sur face re gion and drop vol ume.
The zone Z2 pro duces a com bined scat ter ing by the dry ing
drop and the sub strate. The zone Z1 plays the ma jor role in
this study since it gives an un am big u ous de ter mi na tion of

the scat ter ing vol ume. The GISAXS pat tern re corded af ter
a com plete sol vent evap o ra tion ex hib its side max ima at

qy » ±0.82 nm-1 pro duced by the self as sem bled
nanoparticle ar eas and a cen tral streak along qz at qy = 0
com ing from the sub strate and nanoparticle-re lated rough -

ness which is usu ally mea sured in the qx - qz plane
(coplanar ge om e try) as a de tec tor scan. The GISAXS pat -
tern sim u lated within the DWBA and paracrystal model
pro vided nanoparticle ra dius of 3.4 ± 0.3 nm, interparticle
dis tance of 7.5 ± 1 nm, and lat eral cor re la tion length of
87 nm.

The data from time-re solved GISAXS taken on the os -
cil lat ing sam ple were pro cessed into two dif fer ent kinds of

maps (Fig. 2). In a so called t - qy map, the re gion be tween
qz = 0.22 and 0.4 nm-1 was in te grated and plot ted as a func -

tion of time. In a so called t - qz map, in te gra tion for qy be -

Fig ure 1. Ver ti cal (top) and hor i zon tal (bot tom) scan ning
schemes.
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tween ±0.02 nm-1 was per formed and plot ted as a func tion of 

time. Briefly, the t - qy map de scribes the tem po ral evo lu tion 
of the qy com po nent of the scat ter ing vec tor near the crit i cal

exit an gle and the t - qz map de scribes the tem po ral evo lu -
tion of what is called above the de tec tor scan. The in stances
when the sam pling X-ray beam co mes into con tact with the

drop sur face (Z0®Z1 tran si tion) or when it leaves the drop

(Z1®Z0 tran si tion) are clearly vis i ble as an en hanced scat -

ter ing along qy di rec tion in the t - qy map for the early evap o -
ra tion stage (less than 60 s). In be tween, more ab sorbed and
weaker ra di a tion com ing from the zone Z2, where the X-ray
beam starts to in ter act with the sub strate, can be seen. The

Z0®Z1 and Z1®Z0 tran si tions are marked also by sig nif i -

cant scat ter ing in the t - qz map while the de tec tor scans in
be tween pro duced by the sub strate scat ter ing in the zone Z2
are less prom i nent. This be hav iour is re versed at later evap -
o ra tion stages (more than 60 s) where the main scat ter ing
stems from the zone Z2 and the sub strate scat ter ing plays the 

ma jor role. It can be ob served in the t - qy map as a strong
scat ter ing sig nal sur rounded by a lower one com ing from the 

zone Z1. Sim i larly in the t - qz map, the de tec tor scans re -

sult ing from the Z0®Z1 and Z1®Z0 tran si tions are de -
creas ing in in ten sity in fa vour of the de tec tor scans
orig i nat ing from the sub strate scat ter ing in the zone Z2. The
tem po ral ap proach ing of the oc cur rence of the de tec tor

scans (i.e. Z0®Z1 and Z1®Z0 tran si tions) be long ing to
one sam ple os cil la tion cy cle in di cates the thin ning of the
evap o rat ing col loi dal drop. Sim i lar tem po ral plots re lated to
dif fer ent sam ple re gions can be drawn from the in te gra tion
of the sub se quent GISAXS frames over the square re gions
around the side max ima and spec u lar re flec tion. All these
anal y ses im ply that the self as sem bly starts in the vi cin ity of
the drop con tact line rather than near the sur face or in side
the drop. This is in line with our pre vi ous ob ser va tions
where no self-as sem bled clus ters were found with mea sure -
ments in a so called drop mode where the in com ing beam
par al lel to the sub strate sur face probed only the drop vol ume 
[1].

To sup port the as sump tion about the self-as sem bling
near the con tact line, we em ployed also a hor i zon tal scan -
ning scheme as shown in Fig. 1. Here, the sam ple os cil lates
hor i zon tally across the in com ing X-ray beam which in ter -

sects pe ri od i cally the shrink ing drop con tact line dur ing
the sol vent evap o ra tion. The  scan ning ve loc ity was
adapted to the ex po sure and read-out times of the X ray
cam era in or der to min i mize the ef fect of the spa tial
smear ing on the scat ter ing vol ume sam pled by the X ray

beam. The t - qy map mea sured in the hor i zon tal scan ning
mode is shown in Fig. 3a. At the be gin ning, pe ri odic
stripes of an en hanced in ten sity along the qy axis with the

max i mum at qy » ±0.82 nm-1 com ing from the al ready
dried re gions of the self as sem bled monolayer of
nanoparticles and ad ja cent low-ab sorb ing vol ume of the
drop close to the three-phase con tact line, are ob served.

Fig ure 2. The t - qy and t - qz maps of the dry ing col loi dal drop form ing a monolayer in the ver ti cal scan ning mode.

Fig ure 3. The t - qy map (a) and time-re solved re flec tivity (up per 
curve) and PIS (lower curve) (b) of the dry ing col loi dal drop
form ing a monolayer in the hor i zon tal scan ning mode.
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In be tween, the sam pling X-ray beam en ters the drop and is 
strongly sup pressed in in ten sity by the drop ab sorp tion,
show ing no cor re la tions be tween the nanoparticle po si -

tions. The peak at qy » ±0.82 nm-1 per sists up to the com -
plete drop evap o ra tion that in di cates a well or dered and
sta ble nanoparticle monolayer. The tem po ral plot ex tracted 
from the GISAXS pat tern by in te gra tion over the re gion of
the side max i mum (par tial in te grated scat ter ing – PIS) is
com pared with the time re solved spec u lar re flec tivity curve 
in Fig. 3b. The min ima in the PIS plot and re flec tivity are
cor re lated in the early evap o ra tion stages as both are ob -
served when the prob ing x ray beam is strongly at ten u ated
in side the drop. As the beam crosses the three-phase con -
tact line and leaves the drop, an en hanced scat ter ing in the
PIS plot is ob served, fol lowed by a sig nif i cant in crease of
the re flec tivity sig nal. The op po site takes place when the
beam en ters the drop. The re flec tivity max ima cor re spond
to ex treme po si tions of the hor i zon tal scan when the max i -
mum area of the bare sub strate ad ja cent to the drop is hit by
the prob ing beam. In be tween, the re flec tivity co mes
mainly from the al ready dried ar eas of the col loi dal so lu -

tion with the nanoparticle-re lated rough ness and is thus in -
her ently lower. On the other hand, these ar eas con trib ute to
the GISAXS sig nal that is at max i mum in the cen tral part of 
the scan (i.e. in the drop cen ter) when the drop is evap o -
rated com pletely. There fore in the fi nal evap o ra tion stages, 
the PIS sig nal reaches a steady-state value with a small os -
cil lat ing part which is in anti-phase with the re flec tivity os -
cil la tions. Here, the os cil la tions in the PIS plot and
re flec tivity are due to a pe ri od i cally chang ing ra tio be -
tween the il lu mi nated ar eas fa vour ing re flec tivity (bare
sub strate) and GISAXS (dried nanoparticle monolayer).
These mea sure ments in di cate that be hind the shrink ing
con tact line, the self as sem bled monolayer is orig i nat ing.
Be cause no mea sur able lat eral cor re la tions of the
nanoparticles near the sur face or in side the drop were ob -
served by the ver ti cal scan ning, the vi cin ity of the three
phase drop bound ary is the lo ca tion of the nanoparticle ac -
cu mu la tion and self-as sem bling.

1. P. Šiffaloviè, E. Majková, L. Chitu, M. Jergel, Š. Luby, A.
Šatka, S. V. Roth, Phys. Rev., B 76, (2007), art.no. 195432.
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The com bi na tion of sil i con with III-V semi con duc tors
could of fer the ben e fits of both ma te rial sys tems pro duc ing
novel struc tures for elec tronic and op to el ec tronic ap pli ca -
tions. We pres ent the het ero-epitaxial growth of sin gle
crys tal GaAs whis kers on sil i con nanowire trunks form ing
struc tures with a 6-fold sym me try (see Fig. 1). The Si
nanowires on Si (111) sub strates were pre pared us ing a low 
pres sure chem i cal va por de po si tion re ac tor and the va -
por-liq uid-solid growth mech a nism. A 2 nm thick layer of
gold was sput tered on the sur face as a cat a lyst for sil i con
nanowire growth. We have grown GaAs nanowhiskers on
these Si {111} nanowires us ing solid source mo lec u lar
beam ep i taxy sys tem. The sam ples were an a lyzed by sev -
eral tech niques – scan ning elec tron mi cros copy (SEM),
photoluminescence (PL) mea sure ments, high res o lu tion
trans mis sion elec tron mi cros copy (HRTEM) and X-ray
dif frac tion (XRD) anal y sis.

HRTEM brings us a di rect view of the crys tal struc ture
in the nanocrystals. The HRTEM cross-sec tion of the Si
nanowires ex plains the 6-fold sym me try of the GaAs
nanowhiskers ob served by SEM. The nanowhiskers grow
per pen dic u lar to the six side walls of the Si nanowire trunks 
cre ated by six {112} fac ets [1]. The growth di rec tion of the
GaAs whis kers was also in ves ti gated by HRTEM and de -
ter mined to be in the [0001] direction.

SEM tech nique pro vides us the in for ma tion about the
length and di am e ter of the nanowires. The length of our Si

nanowires trunks are around 2 mm with a di am e ter de ter -

mined by the Au cat a lyst, typ i cally less than 100 nm. The
length of the nanowhiskers grown on these nanowires de -
pends mainly on the amount of de pos ited GaAs ma te rial
and var ies from sev eral hun dreds nm to sev eral ìm. It could 
be also shown that the GaAs nanowhiskers orig i nate from
any po si tion along the Si nanowire trunks. 
We used XRD to com ple ment the TEM crys tal struc ture
anal y sis of our sam ples, with the ad van tage that it is
non-de struc tive. We have mea sured re cip ro cal space maps

with a wide w/2 range (see Fig. 2) to find the pow der dif -

Fig ure 1. SEM pic ture of 6-fold GaAs whis kers on Si nanowire
trunks vis i ble af ter the de po si tion of 200 nm GaAs.
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frac tion peaks as well as the monocrystalline ones. The dis -
ad van tage of this method is the long mea sur ing time
re quired, but we ob tain more in for ma tion about the con stit -
u ent ma te ri als. We com pared dif fer ent GaAs nanowhisker
sam ples with the sam ples where only Si nanowires were
grown to dis tin guish be tween the Si nanowire trunks and
GaAs nanowhiskers. We iden ti fied monocrystalline Si,
polycrystalline wurt zite GaAs, due to the dis trib uted ori en -
ta tion of the sin gle crys tal nanowhiskers with re spect to
each other, Au and also the AuGa al loy. 

We con firmed the wurt zite struc ture of the GaAs whis -
kers grown on Si nanowires by the XRD tech nique and ad -

di tion ally showed the pres ence of the AuGa al loy, a
pos si ble cat a lyst for the nanowhisker growth. The char ac -
ter iza tion of the sam ple struc ture and growth mech a nism of 
GaAs nanowhiskers on Si nanowire trunks moves us closer 
to novel Si:III-V het ero-epiataxial devices.

1.  A. Lugstein, A.M. An drews, M. Steinmair, Y. Hyun, E.
Bertagnolli, M. Weil, P. Ponratz, M. Schramböck, T. Roch, 
G. Strasser, Nanotechnology, 18, (2007), 355306.

h386 - 200nm GaAs

1000

10000

100000

1000000

20 30 40 50 60 70 80 90 100 110 120

2Theta (deg)

in
te

n
s

it
y

(a
.u

.)

w
-G

aA
s

1
0

0 w
-G

a
A

s
00

2

w
-G

aA
s

1
0

1

w
-G

aA
s

1
0

2

w
-G

aA
s

1
1

0

w
-G

a
A

s
1

03

w
-G

aA
s

11
2

w
-G

aA
s

20
0

w
-G

a
A

s
20

1

w
-G

aA
s

2
0

2

w
-G

a
A

s
20

3

w
-G

a
A

s
3

00

w
-G

aA
s

3
0

2

w
-G

a
A

s
2

13

zb
-G

a
A

s
1

11

zb
-G

a
A

s
2

20

z
b

-G
a

A
s

33
3

S
i1

11

S
i

3
33

S
i2

2
0A

u
1

11

A
u

2
0

0

A
u

22
0

A
u

22
2

A
u

G
a

2
20

21
1

1
21

S
i

2
22

Fig ure 2. X-ray RSM and pro jec tion to 2q/w axis mea sured on sam ple with 200 nm equiv a lent layer thick ness of GaAs grown on sil i con 
nanowires.
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The Gem ini PX Ul tra diffractometer with At las CCD de -
tec tor pro vides a new plat form for pro tein crys tal log ra phy
ex per i ments. The en hanced cop per source of X-ray ra di a -
tion to gether with the highly sen si tive CCD de tec tor with
novel fea tures is a suf fi cient so lu tion for many dif frac tion
ex per i ments in volv ing sin gle crys tals of bi o log i cal
macromolecules.

The orig i nal de sign of the diffractometer with fo cus on
“small mol e cule” crys tal log ra phy brings many op tions for
pro tein dif frac tion ex per i ments not avail able with stan dard
set ups for macromolecular crys tal log ra phy such as the
kappa goniometer, pos si bil ity of non-zero theta mea sure -
ments (high res o lu tion pro tein dif frac tion with large unit
cells) and vari abil ity of data col lec tion ap proaches to gether 
with built-in au to mated de sign of data col lec tion strat egy. 

In tro duc tory mea sure ments and com par a tive stud ies re -
gard ing the per for mance of the CCD de tec tor with high
sen si tiv ity, dy namic range and fast read out were per formed 
with sev eral pro tein sam ples. Dif frac tion data sets of high
qual ity were col lected, in clud ing those of the extracellular
part of the hu man re cep tor CD69 and other study tar gets.
This ex per i men tal setup of fers a vi a ble op tion for in-house
dif frac tion ex per i ments with pro tein sam ples. In ter est -
ingly, pro tein dif frac tion data with the to tal Rint < 0.03 up to 
the dif frac tion limit of 2.0 C have been re corded and pro -
cessed.

The work was sup ported by the Czech Sci ence Foun da tion,
pro ject No. 305/07/1073 and by the Eu ro pean com mis sion, 
pro ject LSHG-CT-2006-031220..


