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Conformal Coating by High Pressure Chemical Deposition 
for Patterned Microwires of II–VI Semiconductors
 Deposition techniques that can uniformly and conformally coat deep trenches 
and very high aspect ratio pores with uniform thickness fi lms are valuable 
in the synthesis of complex three-dimensionally structured materials. Here 
it is shown that high pressure chemical vapor deposition can be used to 
deposit conformal fi lms of II–VI semiconductors such as ZnSe, ZnS, and ZnO 
into high aspect ratio pores. Microstructured optical fi bers serve as tailored 
templates for the patterning of II–VI semiconductor microwire arrays of these 
materials with precision and fl exibility. In this way, centimeters-long micro-
wires with exterior surfaces that conform well to the nearly atomically smooth 
silica templates can be fabricated by conformal coating. This process allows 
for II–VI semiconductors, which cannot be processed into optical fi bers with 
conventional techniques, to be fabricated into step index and microstructured 
optical fi bers. 
  1. Introduction 

 Conventional atmospheric to sub-atmospheric pressure chem-
ical vapor deposition (CVD) techniques are well suited for the 
fabrication of planar thin fi lms. However, they are limited in 
their ability to uniformly and conformally coat and/or fi ll 
extreme aspect ratio voids and trenches with well-developed, 
uniform thickness fi lms. The ability to conformally coat these 
features is of particular value in the synthesis of geometrically 
complex, three-dimensional materials that are hierarchically 
organized across a range of length scales. Deposition of succes-
sive conformal, nanoscale thickness layers of unary semicon-
ductors within selected micrometers diameter pores of optical 
fi ber templates has been shown to allow for precise organi-
zation of materials in these pores, for example. [  1  ]  Additional 
examples where the coating of complex templates is valuable 
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include pillar array photovoltaics, [  2  ]  intri-
cate microfl uidic channels and in-channel 
microfl uidic devices, [  3  ]  nanoscale biological 
templates, [  4  ]  3D optical metamaterials, [  5  ]  
and 3D electronics. 

 Atomic layer deposition (ALD) has been 
the most viable technique for conformally 
coating high aspect ratio micro/nanostruc-
tures with semiconductors because the 
self-limiting nature of the deposited fi lm 
allows for uniform fi lm thickness despite 
variations in the precursor fl ux to the 
surface. [  6  ,  7  ]  However, the requirement for 
self-limited chemical reaction and thermal 
stability at the desired growth temperature 
places limits on the range of precursor 
molecules that can be employed and thus 
also the accessible materials. Moreover, 
the layer-by-layer nature of the process 
greatly limits the overall rate of deposition. [  8  ,  9  ]  
 CVD allows for higher rates of deposition of semiconductor 

materials than ALD and does not require self-limited chemical 
reactions. The poor ability of conventional CVD to conformally 
coat deep nanoscale size voids or pores with semiconductors 
arises because the mean free path for molecules at the atmo-
spheric or sub-atmospheric pressures typically employed is 
hundreds of nm or more, such that effusion of molecules into 
nanoscale openings is the primary transport mechanism. Thus 
the transport into these openings is relatively slow. However, 
at high pressures, on the order of tens of MPa, the molecular 
mean free path is on the order of a nanometer, allowing for 
pressure driven transport by hydrodynamic fl ow into micro/
nanoscale voids. The rate of mass transport to micro/nano-
scale voids and features then becomes nearly equal to the rate 
of transport to macroscale features. Thus high pressure CVD 
(HPCVD) can conformally coat surfaces with semiconductor 
fi lms yet still allow for a higher rate of deposition than ALD and 
wide range of precursor chemistries possible with CVD. 

 II–VI structures in bulk, thin fi lm, nanowire, and quantum 
dot geometries have been reported. We have previously 
reported the deposition of nearly void-free microwires of ZnSe 
in a single silica capillary via HPCVD for single core optical 
fi ber applications. [  10  ]  Here we describe the conformal coating 
of the very high aspect ratio pores in silica microstructured 
optical fi ber (MOF) templates with the II–VI materials ZnS 
and ZnS  x  Se (1− x )  via HPCVD. This coating proceeds such that 
precisely patterned, centimeters-long arrays of wires micro-
meters in diameter can be formed. These Zn chalcogenide 
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     Figure  1 .     a) Schematic of atmospheric CVD process, where source 
molecules can be introduced to a heated substrate separately such that 
prereaction can, in general, be avoided. Flow towards the substrate is 
achieved via a small pressure difference with the exhaust ports. b) Sche-
matic of HPCVD in a capillary microreactor, where a high pressure pre-
cursor mixture of source molecules is confi gured to fl ow into a capillary 
(left) with the opposite end open to atmosphere (right). In the unheated 
region of the capillary, precursor molecules are so intimately mixed that 
any tendency to prereact at low temperatures must be avoided. When 
the capillary is heated, well-developed annular fi lms are deposited, while 
unreacted precursors, carrier gas, and reaction byproducts are exhausted 
downstream.  
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semiconductors are useful for their wide range of transpar-
ency from visible to mid-infrared wavelengths, their refractory 
nature that makes them resistant to damage from high optical 
intensities, [  11  ]  their wide direct bandgaps that allow for UV light 
emission and detection, and their infrared fl uoresence [  12  ]  and 
large Verdet constants [  13  ]  when appropriately doped. ZnS  x  Se (1− x )  
is of particular interest because properties such as its refrac-
tive index can be continuously tuned with  x  over a wide range. 
Importantly, alloying opens up the possibility to fabricate 
optical fi bers with small core-cladding index contrasts through 
the deposition of successive layers with varying  x , or alterna-
tively, to tune the index contrast in complex 2D photonic crystal 
structures to shift the positions of the bandgaps. Furthermore, 
the lattice constant in ZnS  x  Se (1− x )  alloys can also be controlled 
to allow for continuous tuning of their direct bandgap from 2.7 
to 3.6 eV, allowing for emission of light from the visible to the 
near UV. [  32  ]  We also show that extreme aspect ratio structures 
composed of these materials can serve as templates that can be 
oxidized to another compound semiconductor that has found a 
wide range of applications, ZnO. [  14  ]  

 The microwires fabricated via HPCVD adopt the near atomi-
cally smooth surface roughness of their silica capillary tem-
plates [  15  ]  and have very uniform cross-sectional diameters along 
their length. Such geometric perfection and low surface rough-
ness is critical to transport of photons and electrons without 
detrimental losses due to processes such as scattering. [  16  ]  Pat-
terning individual elements such as wires into arrays as dem-
onstrated here allows for new functions to be incorporated into 
devices, including photonic bandgaps, [  17  ]  coherent beam com-
bining, [  18  ]  high resolution infrared chemical imaging, [  19  ]  and 
unique light coupling schemes between silica and semiconduc-
tors. [  1  ]  As a specifi c example application, we demonstrate the 
fi rst microstructured ZnSe optical fi ber with robust dual mode 
guidance.   

 2. Results and Discussion  

 2.1. A General High Pressure CVD Approach 
for Coating Very High Aspect Ratio Templates 

 Nearly every aspect of the overall pathway from molecular pre-
cursor to a desired material fi lm in HPCVD is different from 
conventional CVD in view of the high pressures employed. 
Chemical thermodynamics is altered by volume-pressure term 
( V  Δ  P ) in the expression for the Gibbs free energy [  20  ]  while 
kinetics are altered by the vastly increased molecular colli-
sion rates associated with nanoscale mean free paths. [  21  ]  Large 
pressure differences and confi ned geometries alter reactant 
diffusion as well as the fl ow, [  22  ]  especially in the all-important 
boundary layer in the immediate vicinity of the surface chem-
ical reaction. [  23  ]  All of these factors must be considered when 
choosing a chemical reactor geometry and precursor chemistry 
for HPCVD of well-developed, conformal fi lms. 

 An important practical difference in HPCVD is that reac-
tion precursors must often be transported together for delivery 
into a heated reaction zone whereas conventional CVD reactors 
typically allow for the introduction of precursors separately to 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
avoid prereaction before they reach a planar deposition target 
( Figure    1  a). [  24  ]  Thus the precursors selected for HPCVD must 
be chosen so that they do not prereact as they are transported 
to a desired deposition location at low temperature, yet do react 
once they reach it and are heated. Another challenge is that the 
deposition characteristics can change as a void is fi lled with 
semiconductor because the precursor fl ow rate is altered as a 
result of the changes in geometry due to pore closure. Polycrys-
talline grain growth, in particular, is affected by the mass trans-
port rate to the surface. [  25  ]   

 We fi nd that the organometallic molecules R 2 Zn, R 2 S, and 
R 2 Se, where R  =  alkyl, are particularly suitable for HPCVD of 
II–VI semiconductors. These liquid precursors have appreci-
able vapor pressures, making them viable for vapor deposition 
reactions, [  26  ,  27  ]  but they do not introduce as many impurities as 
solid, single source precursors with complex aryl-carbon lig-
ands. [  28  ]  Furthermore, the precursor reactivity can be controlled 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 1647–1654



FU
LL P

A
P
ER

www.afm-journal.de
www.MaterialsViews.com

     Figure  2 .     a) SEM images of the HPCVD process as it progresses and con-
formally coats the inner surface of a silica capillary. b) Diascopically illu-
minated optical microscopy images from the side showing transparent, 
uniform ZnS, ZnSe, and ZnS  x  Se (1− x )  deposited in silica micro-capillaries. 
c) Overview (left) and higher magnifi cation (right) cross-sectional SEM 
images of a ZnSe infi ltrated capillary showing the  < 500 nm remaining inte-
rior pore. d) Photograph of ZnSe microwires being bent while embedded 
in the silica MOF. Scale bars: a) 2  μ m; b) 20  μ m; c) left: 40  μ m, middle: 
4  μ m, right: 500 nm; and d) 5 mm.  
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by tuning of the metal-carbon bond strengths with different R 
groups. For example, branched t-butyl groups allow for lower 
reaction temperatures. [  29  ]  These alkyl precursors also do not 
suffer from room temperature prereactions in contrast to the 
R 2 Zn/H 2 S/H 2 Se precursors commonly employed for zinc chal-
cogenide CVD. [  24  ]  R 2 S and R 2 Se are weaker Lewis bases that do 
not react as readily with the Lewis acid alkyl zinc. Instead, the 
reactive, intermediate chalcogenide hydrides are formed in situ 
at the desired deposition location by reaction between alkyl-
chalcogenides and H 2  ( Reaction 2 ). We chose R  =  methyl pre-
cursors because they are volatile and readily available in pure 
form. The following reaction steps are thought to occur at the 
targeted deposition site: [  30  ] 

 (CH3)2Zn + H2 → Zn + 2CH4   (1)   

 (CH3)2S/(CH3)2Se + 2H2 → H2S/H2Se + 2CH4   (2)   

 Zn + H2S/H2Se → ZnS/ZnSe + H2   (3)    

 Thus the organometallic precursors “encapsulate” the more 
reactive Zn and H 2 S/H 2 Se species until the reaction tempera-
ture is high enough to induce Reactions 1 and 2, followed by 3. 

 In a typical deposition, the volatile organometallic precursor 
mixture is pressurized with hydrogen, which functions as a 
reactant and carrier, to a total pressure of 35–70 MPa and confi g-
ured to fl ow through a heated (400–500  ° C) capillary (Figure  1 b) 
with the opposite end open to atmospheric pressure. The pres-
sure differential between the ends allows for the transport of 
the precursor molecules into the high aspect ratio pores. When 
the MOF is heated, a heterogeneous reaction occurs on the sur-
face of the silica capillaries with a typical precursor conversion 
effi ciency of  ≈ 15% [  10  ]  while the reaction byproducts, such as 
methane, unreacted precursors, and carrier gas are exhausted 
downstream. The conformal nature of the early stages of depo-
sition is highlighted in  Figure    2  a. The fi lm continues to become 
thicker and the interior pore decreases in diameter as the reac-
tion proceeds.  

 ZnS layers form by the reaction of (CH 3 ) 2 S and (CH 3 ) 2 Zn and 
the ZnSe layers form by the reaction of (CH 3 ) 2 S and (CH 3 ) 2 Zn 
in 15  μ m capillaries (Figure  2 b). The layers are transparent and 
conformally coat the capillaries so well that at the end of the 
deposition the remaining central void is about 500 nm in diam-
eter (Figure  2 c). In this way structures that are nearly void-free 
microwires are formed by conformal coating; we consider them 
to be nearly void-free because the majority of the 15  μ m diam-
eter capillary is fi lled. The central void appears much larger 
than it actually is in the optical microscopy images because it is 
magnifi ed by cylindrical lensing. This interior pore is irregular 
in shape (Figure  2 c), due to the polycrystalline grain growth, 
and ranges from 400 nm to 500 nm across. 

 The methane byproduct in the II–VI deposition reaction 
builds up in the pore once it clogs; with no way of exhausting 
it, the forward reaction becomes inhibited. The microwires can 
be several centimeters long (Figure  2 d), much longer than it 
is typically possible to make ZnSe and ZnS micro/nanowires. 
Thus the aspect ratio of the central  ≈ 500 nm nanopore is  ≈ 10 5  
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 1647–1654
when deposition is halted by termination of fl ow, illustrating the 
ability of HPCVD to transport precursors into very deep voids. 
We note that as the aspect ratios of trenches in planar semi-
conductor structures are orders of magnitude less, HPCVD is 
also likely to be useful for coating these structures because the 
constraints for removal of reaction byproduct will be much less 
severe.   

 2.2. Materials Characterization 

 The deposited materials were determined to be polycrystalline 
and single phase via both powder X-ray diffraction ( Figure    3  ) 
1649wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  3 .     X-ray diffraction (Cu K α ) reveals the composition/morphology 
dependence on precursor ratio for ZnSe deposition. When the VI/II pre-
cursor ratio is too low ( < 1), a ZnSe fi lm is deposited along with metallic 
Zn islands (a). Complete conversion of Zn to ZnSe with minimal tex-
turing occurs when the ratio is  > 1 (b), while a high ratio ( > 2.5) results 
in columnar growth in the (111) direction (c). Inset SEM image scale 
bars: 1  μ m  .
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and Raman spectroscopy ( Figure    4  ). ZnS and ZnSe are both 
in the cubic zinc blende phase (Figure  3 ). The morphology, 
composition, and crystallinity of the deposited ZnSe material 
are very sensitive to the stoichiometric ratio of the precur-
sors in the reactant fl ow (Figure  3 ). Only a very narrow range 
of stoichiometry gave rise to well developed conformal fi lms. 
Similar trends were also observed for ZnS and ZnS  x  Se (1− x ) . 
1650 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm

     Figure  4 .     a) Raman spectroscopy of ZnS x Se (1–x)  alloys with 488 nm excita-
tion. b) The shifts of the TO ZnSe , LO ZnSe , and TO ZnS  phonon modes are 
characteristic of alloy formation.  

a) b)
This sensitivity to precursor stoichiometry arises from the dif-
ferent kinetic rate constants for Reactions 1 and 2. When the 
VI/II precursor ratio is low ( < 1), a ZnSe fi lm is deposited along 
with metallic Zn islands (Figure  3 a). Complete conversion of 
Zn to ZnSe is achieved when the ratio is  > 1, with 2 being the 
best ratio with respect to morphology, texture, and stoichiom-
etry (Figure  3 b). A further increase of the ratio ( > 2.5) leads to 
columnar growth in the (111) direction, with a greater relative 
intensity of the (111) diffraction peak (Figure  3 c). Elemental Se 
formation at even higher ratios ( > 5) is not observed, due to the 
high temperature needed for decomposition of H 2 Se in H 2 . [  31  ]  
For ZnS deposition, the more stable sulfur-carbon bonds of the 
(CH 3 ) 2 S molecule result in a smaller Reaction 2 rate constant, 
requiring a higher VI/II ratio ( ≈ 10).     

 2.3. ZnS  x  Se (1− x )  Alloying 

 By introduction of both (CH 3 ) 2 Se and (CH 3 ) 2 S into the reac-
tant fl ow, solid solutions of ZnSe and ZnS can be deposited in 
well-developed layers (Figure  2 b). The kinetic rate constants for 
decomposition of these two molecules differ, allowing the chal-
lenge of controlling the S to Se ratio of the ZnS  x  Se (1− x )  solid 
solution to be met by varying the temperature and precursor 
ratio. Although these materials can crystallize in either the hex-
agonal wurtzite structure or the cubic zinc blende structure as 
the composition is varied, [  32  ]  powder X-ray diffraction showed 
that only the cubic structure was formed in HPCVD when 
stoichiometries were varied over the entire range from  x   =  0 
to  x   =  1. The S to Se ratio ( x /1– x ) determined by energy dis-
persive spectroscopy for materials deposited at different tem-
peratures agreed well with that determined from the measured 
lattice parameters via Vegard’s law. The Raman spectra of the 
deposited materials are characteristic of ZnS  x  Se (1− x ) , exhibiting 
TO ZnSe , LO ZnSe , and LO ZnS  phonon modes that shift continu-
ously with  x  (Figure  4 a). [  33  ,  34  ]  Although the TO ZnS  phonon is 
present in pure ZnS ( x   =  1) deposited by HPCVD, it is very weak 
in the ZnS  x  Se (1− x )  spectra, consistent with previous reports. [  34  ]  
As the ZnS mole fraction is increased, the TO ZnSe  and LO ZnSe  
modes shift towards each other, with the TO ZnSe  shifting 
up in frequency and the LO ZnSe  shifting down (Figure  4 b). 
The LO ZnS  mode shifts to lower frequency as the Se concen-
tration increases. The asymmetric broadening observed for it 
with increasing Se concentration has been attributed to a disor-
dering effect. [  35  ]    

 2.4. Hierarchically Ordered Arrays of II–VI Semiconductors 

 Patterning of individual nano/microscale semiconductor 
building blocks into more complex structures is a challenge 
that has attracted tremendous attention over the past two dec-
ades. [  36  ]  Although the structures presented in this work are on 
the order of micrometers diameters, HPCVD of II–VI semicon-
ductors should be applicable to nanometer dimensions with 
further optimization, as we have already shown with unary 
semiconductors. [  22  ]  MOF templates with hundreds to tens of 
thousands of pores can be fi lled with II–VI semiconductors 
with HPCVD ( Figure    5  ). In this way, arrays of large numbers 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 1647–1654
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     Figure  5 .     HPCVD in microstructured templates allows for precise posi-
tioning of hundreds of II–VI semiconductor microwires organized into 
complex arrays. a) Cross-sectional optical microscopy image of the pol-
ished facet of a ZnSe fi lled photonic bandgap optical fi ber with a high 
packing density cladding shown in the SEM image (b). c) Cross-sectional 
SEM image of a lower packing density array fi lled with ZnSe tubes, as 
shown in higher magnifi cation (d). Scale bars: a) 10  μ m, b) 2.5  μ m, 
c) 50  μ m, and d) 5  μ m.  

     Figure  6 .     Surface roughness of ZnSe microwires. a) SEM image showing 
that II–VI microwires can be released from the template by HF etching 
to result in freestanding microwires. b) Optical interference profi ling of a 
microwire that was removed from the template showing the near atomi-
cally smooth outer surface (0.1 nm RMS surface roughness). c) SEM 
image of NaOH grain boundary etching to reveal polycrystalline grain 
structure and size across the cross-section of a microwire, which deter-
mines the inner surface roughness of the interior pore. d) TEM image 
showing large grain structure near the central hole. Scale bars: a) 50  μ m, 
c) 2  μ m, and d) 500 nm.  
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of wires arranged in a wide range of very precise geometric pat-
terns can be realized. The positions of the pores in the MOF 
templates can be controlled with nanometer level precision; fur-
thermore these templates can be selectively fi lled, [  37  ]  allowing 
for much more accurate patterning of aligned ZnSe wires than 
has been possible with previously reported techniques. [  38  ,  39  ]  
ZnSe and ZnS nanowires made by CVD techniques tend to 
exhibit random “weed” growth because they typically involve 
non-templated/seeded growth that can result in wires and rib-
bons that are not straight. [  40  ]  Patterning techniques have been 
reported that allow for control over nanowire position, [  41  ]  but 
the geometric precision of the patterning and the geometric 
perfection of the wires themselves is much less than can be 
realized with MOF templates. The “outside-in” nature of the 
fi lm growth to form wires via HPCVD allows the patterning to 
be defi ned by the MOF template. The wires formed are thus 
naturally straight and patterned with the high precision of the 
drawn template. As an example application of the patterning 
capability that thus arises, we fi lled the MOF template shown 
in Figure  5 a with ZnSe, which has desirable optical properties 
discussed further in Section 2.6.    

 2.5. Structural Characterization of II–VI Microwires 

 The near atomically smooth (0.1 nm RMS roughness [  15  ] ) silica 
pore surfaces are coated with well-developed fi lms from the 
“outside in”. Thus it is important to fi rst assess whether the 
microwires and tubes formed in these pores have comparable 
outer surface roughness. [  42  ]  We removed an array of 168 ZnSe 
wires 8  μ m in diameter deposited in a silica template by 
etching with HF ( Figure    6  a). The surface roughness was char-
acterized by means of optical interference profi lometry, which 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 1647–1654
uses interference between two split beams in a microscope to 
allow the RMS roughness to be determined over areal dimen-
sions of hundreds of square micrometers with sub-Ångstrom 
sensitivity. We found that ZnSe microwires etched out of their 
template have a RMS surface roughness of 0.1 nm (Figure  6 b), 
comparable to the surface roughness of the template walls. 
The capillary templates have extraordinary diameter uniformity 
along their length as well, such that variations of only tens of 
nanometers in diameter over lengths of centimeters are pos-
sible. [  43  ]  Since the ZnSe and ZnS microwires conform to the 
silica template walls, similar uniformity in diameter along their 
length can be expected.  

 Since the deposition results in a wire, or more specifi cally a 
tube with a very small central void, it is then important to assess 
this inner surface roughness. In contrast to hydride decomposi-
tion in silica capillaries, [  22  ]  the reaction chemistry of the II–VI 
semiconductor deposition does not yet allow for complete fi lling 
due to byproduct buildup, leaving behind a  < 500 nm diameter 
inner hole in the microwire. As the deposition progresses, the 
fl ow rate of reactants through the capillary decreases due to the 
growth of the polycrystalline fi lm in the channel, resulting in 
a higher residence time of the precursors and the growth of 
larger grains which eventually forms a blockage and arrests 
deposition. The roughness of this inner surface will thus be 
determined by the grain size and shape at this interface. The 
cross sectional grain structure of the microwire is revealed by 
both grain boundary etching with NaOH (Figure  6 c) and a TEM 
image (Figure  6 d). We have found that changing the fl ow rate 
1651wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  7 .     Finite element simulations of the ZnSe MOF shown in Figure  5 a, 
where (a) is the fundamental mode and (b) is the second order mode cal-
culated at 1550 nm. Experimental waveguiding experiments at 1550 nm 
show that the fundamental mode (c) and second order mode (d) can be 
isolated. Scale bars: 10  μ m.  

b)

c) d)

a)
via the pressure can provide control of this inner surface grain 
size and thus the remaining pore size. Further optimization 
of the reaction chemistry should result in a smoother, smaller 
inner pore, or even elimination of this central void. 

 No other technique has been reported that can make micro-
scale diameter semiconductor wires of crystalline compound 
semiconductors such as ZnSe and ZnS with outer surfaces that 
are this smooth and uniform in diameter over lengths of cen-
timeters with a circular cross section. Top-down lithographic 
methods, for example, typically result in semiconductor struc-
tures with varying diameters and several nanometers of surface 
roughness so that achieving 0.1 nm roughness is exceedingly 
diffi cult. [  44  ,  45  ]  Just 1 to 2 nm of exterior surface roughness on a 
sub-micrometer-sized waveguide can signifi cantly increase the 
scattering of visible and near infrared light transported within 
it. [  46  ]  Importantly, these ZnSe and ZnS microwires are likely 
to be useful as very high power laser cavities when suitably 
doped, [  12  ]  thus reducing the losses associated with surface scat-
tering will be critical to achieving high net gains.   

 2.6. II–VI Semiconductor Step Index and Microstructured 
Optical Fibers 

 The Zn chalcogenide microwires function as relatively low 
optical loss crystalline semiconductor core optical fi bers. [  10  ,  47  ,  48  ]  
A summary of optical losses in semiconductor optical fi bers at 
different wavelengths is given in reference 48. We have already 
reported losses of  < 1 dB/cm for 15  μ m diameter core ZnSe 
optical fi bers for wavelengths greater than 1000 nm. [  10  ]  For 
reference, semiconductor waveguides used for device demo-
nstration typically have optical losses of  < 3 dB/cm. In con-
trast, ZnS microwires have a higher loss of 16 dB/cm, while 
the ZnS 0.2 Se 0.8  microwires have a loss of 7 dB/cm. As the ZnS 
and ZnS  x  Se (1− x )  materials have comparable surface quality and 
crystallinity to ZnSe, it is likely that the larger losses measured 
in these materials can be attributed to impurity related absorp-
tion due to use of lower purity (CH 3 ) 2 S; the (CH 3 ) 2 S was 99% 
pure versus electronic grade for (CH 3 ) 2 Se and (CH 3 ) 2 Zn. When 
light is waveguided in microwires over centimeter distances, 
the presence of even small quantities of impurities can have an 
adverse effect on optical loss. With further development of pre-
cursor chemistry to reduce impurity levels, the optical losses in 
the sulfur-based materials should approach the loss values that 
have already been shown for ZnSe microwires. 

 In general, high refractive index semiconductor ( n   =  2.45 
for ZnSe at 1550 nm) waveguides with either silica ( n   =  1.44) 
or air ( n   =  1) cladding have a large index contrast and thus are 
highly multimode. Realizing micrometer-sized semiconductor 
waveguides with more desirable low order mode or single mode 
behavior is still an ongoing challenge in photonics that requires 
proper refractive index grading. As previously mentioned, a key 
advantage of HPCVD in MOFs is the ability to deposit mate-
rials in complex 2D geometries to modify the guiding properties 
of light in the semiconductor wires. In particular, the structure 
shown in Figure  5 a is the fi rst demonstration of a ZnSe MOF, 
similar to the silicon MOF that was characterized, [  49  ]  which 
was shown to have a number of analogous properties to more 
standard air-silica MOFs. The fi ber was fabricated by fi lling the 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
air holes of a hollow core silica photonic bandgap fi ber with 
ZnSe via HPCVD. The resulting structure has a 9  μ m ZnSe 
core with a cladding of 3  μ m ZnSe wires with  ≈ 150 nm silica 
struts separating each wire. Compared to the step index fi bers 
above, the ZnSe MOF has a cladding with a higher effective 
index than pure silica so that a reduced number of core modes 
can be selectively coupled. This ZnSe fi ber is effectively dual 
mode over a wide wavelength range ( Figure    7  ), though with fur-
ther optimization of the MOF template and deposited material 
it should be possible to design a ZnSe MOF for effective single 
mode operation. [  50  ]  Transmission measurements in this micro-
structured ZnSe fi ber at 1550 nm show it has a loss of 1.9 dB/
cm. This slightly higher loss value than in a step index ZnSe 
optical fi ber is likely to be due to the enhanced interaction of the 
core guided light with the high index microstructured cladding.  

 Likely sources of loss in the II–VI semiconductor optical 
fi bers are geometric imperfections associated with the central 
void and material imperfections such as chemical impurities, 
grain boundaries and defects within grains. The presence of 
the central hole is certainly not desirable for optics applica-
tions as it can effect the mode structure of the waveguide and 
cause scattering. [  10  ]  The surface roughness of this interior pore 
is determined by the texture of the deposited fi lm, which can 
be controlled and optimized via the reactant ratio (Figure  3 ). 
Higher pressure deposition at higher precursor concentrations 
and/or cycling the precursor pressure should allow for smaller 
pore diameters via smaller grain growth. Another approach 
to reducing the scattering of light associated with this central 
imperfection would be to increase the waveguide diameter to 
reduce the impact of the central pore on loss, which would 
require a cladding layer such as ZnS  x  Se (1− x )  (for a ZnSe core 
fi ber) to be deposited fi rst to reduce the index contrast (com-
pared to silica cladding) and avoid the highly multimode nature 
of larger cores. Also, as can be seen in Figure  6 d, there are 
many stacking faults and twinning defects in the material, 
which can cause scattering of light as it propagates through 
the structure. Thermal and laser annealing could reduce these 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 1647–1654
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     Figure  8 .     Oxidation of ZnSe to ZnO. a) SEM image of porous ZnO resulting from heating 
ZnSe in an oxygen ambient. b) XRD reveals that the ZnO is in the hexagonal phase. c) Raman 
spectroscopy with 488 nm excitation shows the characteristic phonon modes of ZnO. d) Room 
temperature bandgap photoluminescence (244 nm laser excitation) is observed over the length 
of a 5 mm long, 50  μ m microwire (inset). Scale bars: a) 20  μ m and d) inset: 5 mm.  

θ

a) b)

d)c)
defects and allow for the growth of larger grains. Further reduc-
tion in chemical impurities, particularly for ZnS as mentioned 
previously, could also allow for lower loss.   

 2.7. Oxidation of ZnSe Templates to ZnO 

 ZnO has extensive optoelectronic and chemical/catalytic appli-
cations due to its wide bandgap and versatile photochemical 
properties, [  14  ]  but HPCVD of oxides has been challenging 
because many potential chemical routes are inhibited by room 
temperature pre-reactions. However, an alternative route to 
ZnO is to use the ZnSe or ZnS microwires as templates that 
can be oxidized. Annealing of ZnSe in an oxygen ambient 
(1 atm) at 800–1000   °  C results in conversion to ZnO via the 
following reaction: [  51  ]

  2ZnSe + 3O2 → 2ZnO + 2SeO2   (4)    

 At these temperatures, the volatile SeO 2  is readily removed 
from the capillary via sublimation to result in a ZnO fi lled capil-
lary ( Figure    8  a). The oxygen annealed material is porous with 
about 750 nm sized domains, a common morphology resulting 
from oxidation. [  52  ]  XRD reveals that the remaining porous mate-
rial is crystalline ZnO in the hexagonal phase. There is no indi-
cation of residual ZnSe, Se, SeO 2 , or metallic Zn (Figure  8 b). 
The ZnO is crystalline, with A 1 (TO), E 1 (TO), E 2 , and A 1 (LO) 
phonon modes present in the Raman spectrum (Figure  8 c). The 
HPCVD ZnSe microwires have low concentrations of impurities 
and should oxidize to ZnO with similarly low concentrations 
of impurities. Evidence of the purity of the ZnO microwires is 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2013, 23, 1647–1654
observed in the effi cient room temperature 
bandgap photoluminescence around 3.3 eV 
(Figure  8 d). Further improvement in the mate-
rials quality of ZnO could lead to the develop-
ment of room temperature exciton fi ber lasers 
and piezoelectric tubes that can serve as valves 
for micro and nanofl uidic applications.     

 3. Conclusions 

 Our results show how individual pores and 
designed arrays of pores can be uniformly 
and conformally coated and fi lled nearly void-
free with II–VI semiconductors by means of 
HPCVD. The high pressures overcome the 
mass transport constraints imposed by the 
very high aspect ratio geometries, such that 
the transport of precursors into structures 
with aspect ratios as high as 10 5  can occur. 
Several HPCVD organometallic reactions 
have been developed as general routes to 
II–VI semiconductors. The materials deposit 
conformally to coat the templates such that 
the exterior surfaces of the microwires are 
near atomically smooth and they can guide 
light with relatively low optical loss ( < 1 dB/
cm) for semiconductor waveguides. The 
ability to precisely pattern such microwires has allowed for the 
realization of a microstructured II–VI optical fi ber with dual 
mode guidance. These HPCVD reactions should also be appli-
cable to confi ned geometries in planar structures, making them 
useful for applications for which coating of intricate structures 
is necessary such as photovoltaics, microfl uidics, and metama-
terials. Layered heterostructures and electrical junctions will 
also be a natural extension of this work. We anticipate that the 
reaction chemistries and principles for fi lling very high aspect 
ratio structures reported here could be extended to II–VI mate-
rials containing Cd, Hg, and Te, the quaternary alloys, and to 
other families of materials such as III–V semiconductors.   

 4. Experimental Section 
  High Pressure Deposition:  The partial pressures of (CH 3 ) 2 Se, (CH 3 ) 2 Zn 

(electronic grade, SAFC Hitech), and (CH 3 ) 2 S (99%, Sigma-Aldrich) are 
about 20 to 40 kPa at room temperature. 70 MPa of hydrogen carrier gas 
was used to transport the organometallic precursors into the capillary 
templates. The high pressure precursor mixture is contained in a high 
strength stainless steel reservoir and confi gured to fl ow through a 
silica capillary template heated to 400–500  ° C for 24 h. Proper safety 
precautions were taken due to the pyrophoric nature of DMZn and 
fl ammability of hydrogen. HPCVD is especially safe and practical in 
small volume reactors for which the total amount of stored precursor 
and pressure-volume work is minimized. 

  Materials Characterization : Optical microscopy images were collected 
with an Olympus BX-62 optical microscope. SEM images and energy 
dispersive spectra were collected with a FEI Quanta 200 electron 
microscope. XRD patterns were collected with a Huber G670 imaging 
plate Guinier camera using CuK α  1  radiation with the entire beam path 
immersed in helium to reduce background scattering. Raman spectra 
were obtained in the backscattering geometry with 0.5 mW 488 nm laser 
excitation using a Dilor XY triple monochromator Raman microscope. 
1653wileyonlinelibrary.comheim
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Surface roughness measurements were performed on microwires etched 
out of the templates with HF (48% w/w) using a Zemetrics ZeScope 
with a  z -direction resolution of 0.01 nm RMS. NaOH (30% w/w) was 
used to selectively etch grain boundaries of a ZnSe fi ber facet at 80  ° C. 
For TEM imaging, the samples were fi rst thinned with gallium ions in 
a FEI Quanta 200 3D Dual Beam focused ion beam system and then 
imaged using a Philips (FEI) EM420T transmission electron microscope. 
The optical transmission losses of the ZnSe fi ber waveguides were 
measured at 1550 nm using the single pass measurement technique. 
The waveguides, with a typical length of 2 − 3 cm, were mounted in larger 
capillaries and polished using standard techniques.  
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