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The work is focused on technology and characterization issues of silicon pillar nanostructures in combination with metal 
oxides, such as ZnO and TiO2, for various applications in field of biosensor and solar energy. The metal-assisted chemical 
etching method (MACE) modified with latex nanobeads lithography and spin-coating technique, was used to fabricate the 
uniform silicon nanopillar arrays. Atomic layer deposition technique (ALD) which is utilized for formation of oxide layers 
displays uniform coverage of the arrays and provides thin film formation independently on surface peculiarities. Therefore, 
it can be applied both for planar samples and 3D patterned substrates with porous media.

Introduction

T h e  t e c h n o l o g i c a l  p r o c e s s i n g  a n d  i n v e s t i g a 

t i o n  o n  n a n o s t r u c t u r e d  s i l i c o n  a n d  i t s  c o m p o s i t e s  

w i t h  T i O 2 a n d  Z n O ,  f o r  u s e  i n  s o l a r  e n e r g y  a n d  

b i o s e n s i n g  w a s  p e r f o r m e d  b y  o u r  g r o u p .  A s  a  

b a s i c  m a t e r i a l  f o r  t h e  r e s e a r c h ,  i t  w a s  d e c i d e d  t o  

u s e  n a n o s t r u c t u r e d  s i l i c o n  p i l l a r s ,  w h i c h  c o u l d  b e  

f a b r i c a t e d  w i t h  p o r o u s  s u r f a c e  a n d ,  t h u s ,  s i g n i f i 

c a n t l y  i n c r e a s e  t h e  e f f e c t i v e  a r e a  o f  t h e  i n t e r a c 

t i o n ,  w h i c h  i s  a  c r u c i a l  f a c t o r  f o r  u s e  i n  b i o s e n s 

i n g  a p p r o a c h .

A p p l i c a t i o n  o f  s i l i c o n  n a n o p i l l a r s ,  e s p e c i a l l y  

w i t h  p o r o u s  s u r f a c e ,  c a n  b e  i m p l e m e n t e d  i n  t h e  

f o r m  o f  o p t i c a l  o r  e l e c t r o - p h y s i c a l  d e t e c t i o n  o f  

m o l e c u l e s ,  i n c l u d i n g  c o m p l e x  b i o m o l e c u l e s .

R e s e n t  d a t a  p u b l i s h e d  i n  l i t e r a t u r e  d e m o n s t r a t e  

t h e  a d v a n t a g e  o f  t h e  c o l u m n  s t r u c t u r e  c o m p a r e d  

t o  c o n v e n t i o n a l  p o r o u s  s u b s t r a t e  [ ' - 3 ] .  T h e  c o n 

t a c t  a r e a  f o r  m o l e c u l e  d e t e c t i o n  i s  f i x e d  d e p e n d 

i n g  o n  c h a n g e s  i n  t h e  e l e c t r i c a l  c o n d u c t i v i t y  o f  

t h e  s e n s o r  m a t e r i a l .  T h e  u s a g e  o f  a r r a y s  w i t h  p a r 

a l l e l  o r i e n t e d  n a n o p i l l a r s  c o u l d  r e d u c e  t h e  s i g n a l -  

t o - n o i s e  r a t i o ,  a n d  t h e r e b y  i n c r e a s e  t h e  s e n s i t i v i t y  

o f  t h e  s e n s o r  [ 4 ] .

T h e  n e x t  p r o s p e c t i v e  a p p l i c a t i o n  f o r  a r r a y s  o f  

a l i g n e d  s i l i c o n  n a n o p i l l a r s  i s  u t i l i z a t i o n  f o r  h i g h  

e f f i c i e n c y  s o l a r  c e l l s .  T h e  m a i n  p r i n c i p l e  i s  b a s e d  

o n  i r r a d i a t i o n  o f  r a d i a l  p - n  j u n c t i o n  o b t a i n e d  o n

s i l i c o n  n a n o p i l l a r  c o a t e d  b y  s e m i c o n d u c t o r  m a 

t e r i a l .  I n  t h i s  a p p r o a c h  a n y  s e m i c o n d u c t o r  m a y  

b e  u s e d  b u t  s i l i c o n  i s  a n  o b v i o u s  c h o i c e  d u e  t o  

l o w  c o s t  a n d  r e l a t i v e l y  s i m p l e  p r o c e s s i n g .  I n  c a s e  

o f  n a n o w i r e s  t h e  q u a n t u m  c o n f i n e m e n t  e f f e c t  i s  

m o r e  n o t i c e a b l e  a n d  u t i l i z a t i o n  o f  s i l i c o n  m o r e  

p r o f i t a b l e ,  t a k i n g  i n t o  a c c o u n t  t r i v i a l i t y  a n d  r e a d i 

n e s s  o f  c h e m i c a l  m e t h o d s ,  s u c h  a s  e l e c t r o c h e m i 

c a l  a n d  m e t a l - a s s i s t e d  e t c h i n g  [ 5 ] .

O n e  o f  t h e  p r o m i n e n t  a p p l i c a t i o n s  o f  w i r e / p i l 

l a r  b a s e d  s t r u c t u r e s  i s  a  p h o t o a n o d e  m a t e r i a l  i n  

t h e  p r o c e s s  o f  w a t e r  s p l i t t i n g ,  t h e  s e p a r a t i o n  o f  

w a t e r  i n t o  H 2 a n d  O 2 u n d e r  t h e  s u n l i g h t .  C u r r e n t l y  

p r o m i s i n g  o p t i o n  i n  t h i s  d i r e c t i o n  i s  t h e  u s i n g  o f  

n - t y p e  s i l i c o n  c o n t a c t  w i t h  n - t y p e  t i t a n i u m  d i o x 

i d e ,  w h e r e  c h a r g e  c a r r i e r s  c o n c e n t r a t i o n  c o u l d  b e  

i n c r e a s e d  b y  a d d i t i o n a l  N - d o p i n g .  T h e r e f o r e ,  u s 

i n g  o f  T i O 2 o r  Z n O  n a n o c o m p o s i t e  s t r u c t u r e  c a n  

g r e a t l y  i m p r o v e  t h e  q u a l i t y  o f  t h e  p h o t o a n o d e .

Silicon nano-pillars technology

T h e  p r o c e s s  o f  f a b r i c a t i o n  o f  a l i g n e d  s i l i c o n  

n a n o p i l l a r  a r r a y s  i s  b a s e d  o n  t h e  m e t h o d  c a l l e d  

m e t a l - a s s i s t e d  c h e m i c a l  e t c h i n g  ( M A C E ) ,  w h i c h  

w a s  s t u d i e d  b y  o u r  r e s e a r c h  g r o u p  i n  r e c e n t  y e a r s  

[ 6 - 8 ] .

A  c h e m i c a l  t r e a t m e n t  o f  s i l i c o n  i m p l i e s  a  t o p -  

d o w n  a p p r o a c h  a n d  r e a l i z e d  b y  s i l i c o n  w a f e r
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etching in a solution o fhydrofluoric acid an d oxi
dizing agent (hydrogen aeroxiho id ttiis (̂̂ setrch). 
To control l he motphofony <-8 Si wafer the mask 
oh uolystyte n e ueoobeadi (cbout 800 nm) was 
deposited onto the hydrophilic silicon surface. 
Hydrophilicity was achieved by RCA treatment 
whic h is a stas'nod prone to fot deanmg of  s' licon 
wafer i.After adamm-  hd nenobged m hnolayer 
d e reactive ion etahmg rn ouodg n a-mcsphere 
waw applied for ec>snergegce d-  the nenosphere 
îz<̂s ua to600 mm. Photoeleceron liihoeraphy 

couid bc cecb with the same succest f ur our ap
proach y  faster and rcmparetivelt cĥ Ê per.

A d d  ĉ e s oSgoia was dsep os e rntaloct. Any 
oS the nobie metelt be (1 ^ 10 10,8 brocess,
bul d e onig df'ference idl/ s<(n tt e dynamics of 
ytdid g end brgniidntieh ah chemicel reac-ions.

During the psaotinnr implrmnhtation of the 
MACE method, it was solved a number of techni
cal problems related to the formation of thenano- 
spcetcr motel nyer, d r eynamfos prf d e  d ching 
praaest, aun so on.

t. Any o f  the noble metals could be

SEM imioes show w pnt <̂cciiĉ  stieiamre of 
nfnnniOar nereyt faOricated o d o  p-type silicon 
wofor (Fig. rS. Due to cmciei influence on the 
etchinuntceest , whidl bs  OuIui, the po
rous ngnseiiierr could h e obtemeO mueIs easier 
for p-type Si. However, for the n-type Si it is pos
sible to choose conditions that can be also leading 
to the formation of a porous structure. For the n- 
type Si the peculiarities of the surface processes, 
including barrier properties at the interface sili
con -  etching solution are very important. With 
sufficient electron density and presence of bend
ing zones at the interface, the etching process oc
curs even more intensive than for p-type silicon. 
These conditions are achievable by increasing the 
concentration of oxidizers that leads to increasing 
of the silicon oxidation rate.

Formation of the nanobead monolayer is the 
first important technological stage. It can be 
achieved by the spin-coating technique under 
high-speed rotation of the substrate. According to 
nanosphere size and total area of the sample this 
stage may be consisted of few successive steps 
with different rotation rates.

Fig 1. Naaobilla r arras s Saf  rlca-ed o n b-tnpe sIii- 
con wafer

Figurs 2 o shbws CE M imeg e ef  domed 1̂1"- 
ordered mono! aibr, itr horder acS poid dtfecrs 
bre elririy rere. Almott npfed-oree fiim I  ̂Cotmt 
ing after adhde m eddsoi d tb d o nanoeedat 
soio-ion O ef'dre d a sw n-cobting oroeess. TCsc ole - 
tained film sOewo quitedmm CenagomS pecking 
thnt i r surtaO le for Surtheh procctcd e.

K e  iurfnen nf  d o hfidDn after reaetive inn 
etchinb in d e  oxygen plasma aucl enpbtitibn ue 
a g;old dyer Uu ma^etrof  rputtetmh lc s.iowp d  
Fw  2 n, partiafl0 cpocrn ramovecl rurface thowt 
tUle finaf eteUls1 p«ittem. ihho aonteci ereo in eteh- 
ing 0erteh nod ar o sesult an aiigned m oo ° f  ^̂̂d-l- 
coabnnonilinrs ir emergdg. The nanospfares 
Ci)uia s?-; remove-  in ay ultretonic bod  bn ud cd g  
desso^pl e in ethanol.

Fig. 2 a. SEM ima gS sSformed sdE lodf rabmenelayen



Fig. 2 b. Final etching pattern

As a resulc of all tsaatmnnts m -  sirfoequee- 
rtebing til t evnitiy dictrtimted hexagond  nti'algld 
oligeed ^ rou sn enopinar aITayrase fongtb.B y  
elcootma me etrUirm parcmo-esrand ct>IlnltIt>yt a 
peg sU semc)ies sditcbla foo roteebui nt StpDsitign 
nyeISaninm Ok>yidegyd tine oxIhewereabedney, 
end investigstion on opticel, structural end bio
sensing properties were performed.

For application of this type of structures in the 
solar energy the nanopillar arrays with bundle 
packed structure were obtained. These structures 
possess a high absorption coefficient due to ad
ditional absorption of the radiation reflected from 
the surface of the substrate. The advantage of 
such a structure over the conventional vertical ar
rays described in the literature and is widely stud
ied et the present time [9].

The morphology of an individual nanopillar 
wes investigeted in deteils. For this purpose neno- 
pillar arrays was decomposed in ultrasonic bath 
and investigated by SEM. The porous surface of 
e single piller is shown in Fig. 3. The pore size is 
ebout 10-20 nm end relete to mesopores. T0or- 
ough investigation has shown that at least for the 
p-type Si a microporous structure with scale of 
2 - 8 nm could be formed.

The ability of controlling the comprehensive 
morphology on pillar-structure, such as height, di
ameter and pore size allows us to consider these pe
riodic nanopillar arrays as a promising material for 
continuing the research of silicon nanocomposite 
structures epplicetion for biosensor devices [10].

Fio. 3. Sutfece yf a sm gl t piller

The Oult  moterid  of  the nauot)illess elm nem- 
onstrater a neroos slractnrt a i it c an be seen from 
“stump” of o tmelu m̂ ĉ -^̂il r̂ (FIw . 0), also me 
seme staî ĉ î̂ ^̂ n^^ înt -t me rusrounUmy rng-nn 
(silicon substrate).

Fig. 4. Stump of a single nanopillar

C h a r a c t e r i z a t i o n  o f  m e t a l  o x i d e  l a y e r s

After fabrication of the aligned nanopillar ar
rays the next stage is a deposition of titanium 
dioxide end zinc oxide. Atomic leyer deposi
tion (ALD) was used for this purpose [11]. This 
method uses self-limiting chemical reactions be
tween the precursors. Atomic Leyer Deposition 
technique provides even thin film deposition and 
can be applied for planar surface, 3D patterned 
substrete end porous structure [7, 12]. Processing 
per cycle takes time of few seconds rprecursor 
sputtering in the chamber for less than a second). 
Typicel ALD process involves three steges: inlet
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o f  f i r s t  p r e c u r s o r ,  c h e m i c a l  r e a c t i o n  t o  t h e  s u r f a c e  

a n d  b l o w i n g  o f f  t h e  c h a m b e r  w i t h  n i t r o g e n .  T h e n  

s e c o n d  p r e c u r s o r  g o e s  t h r o u g h  t h e  s t a g e s  t h e  

s a m e  o r d e r .

A  c o m p l e x  n a n o c o m p o s i t e  s t r u c t u r e  i s  f o r m i n g  

a f t e r  t h e  d e p o s i t i o n  o f  t i t a n i u m  d i o x i d e  o n  t h e  p o 

r o u s  n a n o p i l l a r  a r r a y s .  A t  a  c e r t a i n  p i l l a r ’ s  h e i g h t  

a n d  t h i c k n e s s  o f  t i t a n i u m  d i o x i d e  l a y e r  o c c u r s  n  

m e c h a n i c a l  d e f o r m a t i o n  o f  t h e  a r r a y  ( F i g .  5 ) .  I n  

o r d e r  t o  i n v e s t i g a t e  t h i s  p r o c e s s  t h e  T i O 2 l a y e r  w a r  

d e p o s i t e d  i n  t h e  r a n g e  o f  1 5 0  t o  5 0 0  A L d  c y c l e s ,  

t h e  e g u i v a l e n t  g r o w t h  r a t e  f o r  s m o o t h  s u r f a c e  i s  

a b o u t  0 . 2  A  p e r  c y c l e .  M e c h a n i c a l  c h a n g e s  i n  t h n  

p i l l a r  a r r a y s  s t r u c t u r e  t a k e s  p l a c e  a t  s u f f i c i e n t l y  

l a r g e  h e i g h t  a n d  c o u l d  l e a d  t o  d e s t r u c t i o n  o f  t h e  

t o o  h i g h  p i l l a r s .  A s  w e l l  a  c r u c i a l  d e s t r u c t i o n  i n f l u 

e n c e  o n  t h e  l e n g t h y  p i l l a r  a r r a y s  o c c u r s  d u r i n g  t h e  

e t c h i n g  p r o c e s s  d u e  t o  h y d r o d y n a m i c  f o r c e s .

S u c h  a  c o m p l e x  c o m p o s i t e  s y s t e m  i s  v e r y  i n 

t e r e s t i n g  f o r  f u t u r e  r e s e a r c h ,  i n c l u d i n g  f e a t u r e s  o f  

q u a n t u m  c o n f i n e m e n t  e f f e c t s  a n d  a p p l i c a t i o n  i n  

b i o s e n s o r  d e v i c e s .

Fig. 5. Mechanical deformation of the array

B y  f i l l i n g  t h e  s p a c e  b e t w e e n  p i l l a r s ,  T i O 2 f o r m r  

a n  a m o r p h o u s  p h o t o a c t i v e  l a y e r ,  w h i c h  p r o v i d e s  

a n  e f f e c t i v e  l i g h t  h a r v e s t i n g  o n  t h e  h e t e r o j u n c t i o o  

i n t e r f a c e .  D u r i n g  t h e  A L D  p r o c e s s ,  T i O 2 g u i t n  

d e e p l y  p e n e t r a t e s  i n t o  t h e  p o r e s  a n d  a d d i t i o n a l  

a n n e a l i n g  p r o c e s s  i n d u c e s  a  c o m p l e x  p o l y c r y s t a l 

l i n e  s t r u c t u r e  i n  t h e  m a t r i x  o f  p o r o u s  s i l i c o n .

T h e  s i m i l a r  n a n o c o m p o s i t e  b a s e d  o n  Z n O  w a r  

a l s o  i n v e s t i g a t e d  f o r  b i o s e n s o r  a p p l i c a t i o n .  T h e

p r i n c i p l e  o f  o p e r a t i o n  o f  t h e  b i o s e n s o r  i s  b a s e d  

o n  i m m o b i l i z a t i o n  o f  t h e  b i o s e n s i t i v e  l a y e r  o n  t h n  

s u r f a c e  o f  z i n c  o x i d e  [ 8 ,  1 0 ] .  P r e s e n c e  o f  t h e  d e 

t e c t e d  s u b s t a n c e  c o u l d  b e  e s t i m a t e d  t h r o u g h  r e 

f l e c t i v i t y  o r  l u m i n e s c e n c e  s p e c t r a  d u e  t o  s u r f a c e  

p l a s m o n  r e s o n a n c e  e f f e c t  u n d e r  U V  i r r a d i a t i o n .  

P r o b e s  o f  Z n O / S i  n a n o l a m i n a t e s  w e r e  f a b r i c a t e h  

f o r  i n v e s t i g a t i o n  o f  t h i s  p r o c e s s .  D e p o s i t i o n  o f  

2 5 0  a n d  5 0 0  Z n O  A L D  c y c l e s  w e r e  i m p l e m e n t e h  

o n t o  f l a t  s i l i c o n  s u b s t r a t e .  O b t a i n e d  p r o b e s  h a v e  

s h o w n  a  g o o d  s t a b i l i t y  a n d  h i g h  a d h e s i o n ,  t h e r e 

f o r e  f u r t h e r  i n v e s t i g a t i o n  o f  m e n t i o n e d  c o m p o s i t n  

s t r u c t u r e s  s e e m s  t o  b e  p r o s p e c t i v e .

Results and conclusion

T h u s ,  a n  i m p o r t a n t  p r o b l e m  w a s  r e s o l v e d  -  

i d e n t i f i c a t i o n  a n d  o p t i m i z a t i o n  o f  n e w  a n d  k n o w n  

t e c h n o l o g i c a l  m e c h a n i s m s  i n  n a n o s i l i c o n  f o r m 

i n g  p r o c e s s e s  t h a t  h a v e  i n f l u e n c e  o n  t h e  o p t i c a l ,  

s t r u c t u r a l  a n d  s u r f a c e  p r o p e r t i e s  o f  o b t a i n e d  S i  /  

Z n O  a n d  S i  /  T i O 2 n a n o c o m p o s i t e s  a s  a  r e s u l t  o f  

t h e  i n f l u e n c e  o f  c o m p o n e n t s  i n t e r a c t i o n  a n d  e x 

t e r n a l  f a c t o r s  w i t h  t h e  a i m  o f  s t a b i l i z a t i o n  o f  t h e  

p r o p e r t i e s  o f  m a t e r i a l s  b a s e d  o n  n a n o c o m p o s i t e  

m a t e r i a l s .

T h e  t e c h n o l o g y  o f  p o r o u s  s i l i c o n  n a n o p i l l a r s  

a n d  n e w  n a n o c o m p o s i t e s  b a s e d  o n  t h e  m e t h o d  o f  

u s i n g  c h e m i c a l  n o n e l e c t r o l y t i c  e t c h i n g  a n d  a t o m 

i c  l a y e r e d  d e p o s i t i o n  w a s  d e v e l o p e d .  S t r u c t u r a l  

c h a r a c t e r i s t i c s  o f  t h e  o b t a i n e d  c o m p l e x  n a n o 

c o m p o s i t e  s t r u c t u r e s  w e r e  d e t e r m i n e d  b y  u s i n g  o f  

S E M  e g u i p m e n t .

O n  t h e  b a s e  o f  t h e  d e s c r i b e d  a p p r o a c h  o f  n a n o 

s i l i c o n  c o m p o s i t e s  i n  m o d e r n  e l e c t r o n i c  i n d u s t r y  

t h e  p r o p e r t i e s  o f  e x i s t i n g  p h o t o s e n s i t i v e ,  g a s -  

s e n s i t i v e  a n d  o t h e r  m e d i a  c a n  b e  i m p r o v e d ,  a n d  

a l s o  t h e  i m p r o v e m e n t  o f  o p e r a t i n g  p a r a m e t e r s  

o f  d e v i c e s  o n  t h e  b a s e  o f  n a n o p i l l a r  S i  w i t h  a  s i 

m u l t a n e o u s  r e d u c t i o n  i n  t h e  c o s t  o f  r a w  m a t e r i a l r  

w h i c h  m a y  l e a d  t o  l o w e r  t h e  p r i c e s  o f  m e n t i o n e d  

d e v i c e s .  T h e  r e s e a r c h  r e s u l t s  c a n  b e  u s e d  i n  t h e  

d e v e l o p m e n t  o f  a p p l i e d  s e c t i o n s  o f  s u r f a c e  p h y s 

i c s ,  s e m i c o n d u c t o r  p h y s i c s ,  m a t e r i a l s  s c i e n c e ,  

m i c r o -  a n d  n a n o e l e c t r o n i c s .  T e c h n o l o g i c a l  o p 

t i m i z a t i o n  r e s u l t s  c a n  b e  u s e d  i n  d e v e l o p e d  p r o 

c e s s e s  t o  c r e a t e  n a n o s t r u c t u r e s  o n  s i l i c o n .  T h e o 

r e t i c a l  i n f o r m a t i o n  a n d  n e w  f u n d a m e n t a l  r e s u l t s  

o n  o p t i c a l  a n d  e l e c t r i c a l  p r o p e r t i e s  o f  n a n o s c a l e  

s y s t e m s ,  s u c h  a s  s t u d i e d  S i  n a n o p i l l a r s ,  g i v e  t h n
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w a y  t o  p e r f o r m  t h e  b a s i c  p r o p e r t i e s  r e s e a r c h  

o f  n a n o - S i  c o m p o s i t e s ,  t h e i r  p r a c t i c a l  u s e  a n h  

c r e a t i o n  o f  n e w  d e v i c e s  e l e c t r o n i c  t e c h n o l o g y  

o n  i t s  b a s e .
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Ie. V. Brytavskyi, A. V. Tereshchenko, V. B. Myndrul, M. M. Pavlenko, V. A. Smyntyna

SILICON NANOPILLARS FORMING AND COVERING BY Zn AND Ti OXIDES FOR 
SOLAR ENERGY APPLICATIONS AND BIOSENSORICS 

Summary
T h e  w o r k  i s  f o c u s e d  o n  t e c h n o l o g y  a n d  c h a r a c t e r i z a t i o n  i s s u e s  o f  s i l i c o n  p i l l a r  n a n o s t r u c t u r e s  i n  

c o m b i n a t i o n  w i t h  m e t a l  o x i d e s ,  s u c h  a s  Z n O  a n d  T i O 2, f o r  v a r i o u s  a p p l i c a t i o n s  i n  f i e l d  o f  b i o s e n s o r  

a n d  s o l a r  e n e r g y .  T h e  m e t a l - a s s i s t e d  c h e m i c a l  e t c h i n g  m e t h o d  ( M A C E )  m o d i f i e d  w i t h  l a t e x  n a n o b e a d s  

l i t h o g r a p h y  a n d  s p i n - c o a t i n g  t e c h n i g u e ,  w a s  u s e d  t o  f a b r i c a t e  t h e  u n i f o r m  s i l i c o n  n a n o p i l l a r  a r r a y s .  

A t o m i c  l a y e r  d e p o s i t i o n  t e c h n i q u e  ( A L D )  w h i c h  i s  u t i l i z e d  f o r  f o r m a t i o n  o f  o x i d e  l a y e r s  d i s p l a y s  u n i 
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f o r m  c o v e r a g e  o f  t h e  a r r a y s  a n d  p r o v i d e s  t h i n  f i l m  f o r m a t i o n  i n d e p e n d e n t l y  o n  s u r f a c e  p e c u l i a r i t i e s .  

Therefore, it can be applied both for planar samples and 3D patterned substrates with porous media.
Key words: nanopillars, atomic layer deposition, nanocompositer
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^ H H K y  T A  T H T A H Y  B H K O P H C T A H H f l  B  C O H H M H I M  E H E P r E T H ^  T A  

E I O C E H C O P H ^  

A H O T a ^ H

P o 6 o T a  n p u c B a a e H a  T e x H o a o r i i  i  x a p a K T e p u 3 a ^ i  K p e M H ie B u x  H a H o c T p y K T y p  b  n o e g H a H H i  3 n o - 
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