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Abstract ZnO single crystals with thickness up to

12 mm, 2 inches in ‘‘diameter’’ and weight of about 150 g

have been grown from KOH, NaOH, and K2CO3 based

hydrothermal solutions on the seeds of (0001) orientation.

The addition of LiOH up to 3.0–4.5 mol/L allowed to

decrease the growth rate of ZnO crystals along the h0001i
crystallographic direction. For positive and negative

monohedra, it was achieved 0.12 and 0.01 mm/day,

respectively, at temperature 340 �C and DN = 10 �C. The

best ZnO etching agent was found to be the solutions

25 mol% HCl + 3 mol% NH4F at room temperature, and

etching time 5 min. The dislocation density of ZnO crystals

varied from 240 cm�2 to 3,200 cm�2 in the case of growth

rates 0.04 mm/day to 0.11 mm/day, respectively. It was

also found that ZnO crystals grown are stable in air, oxy-

gen, nitrogen, and argon atmosphere as well as in vacuum

at the temperatures up to 1,000 �C under thermal treatment

during 4 h.

Introduction

Zincite (ZnO) has received renewed interest due to its

unique combination of physical properties. It has potential

applications as improved varistors, transparent high power

electronics, optical waveguides, piezoelectric converters,

gas-sensing analyzers, window material for display and

solar cell, among other application areas [1]. As a direct

wide band-gap semiconductor (3.37 eV), ZnO is also a

candidate material for emitter devices in the blue to near

UV region. Bulk single crystal ZnO, which can serve a

device material or as substrates for subsequent epitaxial

growth have been grown by a number of techniques: from

melt [2], by chemical vapor transport [3, 4] and under

hydrothermal conditions [5–8].

ZnO single crystals are particularly promising as a

substrate material for heteroepitaxy of GaN based active

devices due to their lattice mismatch of approximately

2.6%. In the ZnO structure, oxygen atoms form hexagonal

pack, zinc fills a half of tetrahedrons of one orientation, i.e.,

Zn and O layers are consecutively stacked along the c

direction. Thus, ZnO single crystals have two polar sur-

faces: (0001) surface is composed of Zn atoms, but 000�1ð Þ
surface is an O-terminated face. It is therefore expected

that the GaN films grown epitaxially on ZnO substrates
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should have the same polarity [9]. Because of both mate-

rials are reasonably polar, electrostatic considerations

indicate that N- and Ga-faces of GaN should grow on

O- and Zn-faces of ZnO, respectively. The polarity of a

substrate can be estimated quite easily and unambiguously

by measuring the sign of the piezoelectric coefficient.

The use of ZnO as a substrate is complicated by the

decomposition of ZnO at high temperatures in reducing

atmospheres. For this reason, GaN thin film growth by

MOVPE and similar techniques may often be done under

sub-optimum conditions. Vacuum-based growth by MBE

seems to be more promising. The difficulty of chemically

preparing both Zn- and O-face surfaces has lead previous

growth studies on ZnO to focus on a single type of sub-

strate polarity. As noted in a 1996 study [9], researchers

have concluded that studies of growth on ZnO have further

been limited by the difficulty of growing substrate-quality

single crystals.

More recent research into the development of a ZnO

hydrothermal crystal growth technology utilizing inserts

made of a non-noble metal has been successfully carried

out by the authors of Refs. [6, 10–13]. These results clearly

indicate that further commercialization of large ZnO single

crystal is possible for future wide band-gap device appli-

cations as well as substrate materials for GaN epitaxial

growth. At this stage of development, however, these

hydrothermal crystals have a dislocation density of

*104 cm�2 with continued improvements expected.

More recently, high quality GaN epilayers have been

grown on oxygen and zinc surfaces of ZnO (0001) sub-

strates by MBE, and the effect of the intermediate buffer

layer on the structural and optical properties of the GaN

films was investigated [14]. X-ray measurements, as well

as polarized optical data, confirm that the GaN (0001)

planes are parallel to the ZnO (0001) crystal face. The

cracks observed in GaN epitaxial layers often noted for

growth on both SiC and sapphire are not likely to occur in

the case of ZnO substrates. Investigation of the effect of the

surface polarity indicates that the best quality GaN epi-

layers can be obtained using the oxygen face of ZnO as the

growth surface. A low temperature, thin buffer layer of

GaN or InGaN leads to better optical quality and smoother

surface of GaN layers grown on ZnO substrates.

ZnO does therefore show great promise over other types

of substrates for this application. Unlike AlN and SiC, ZnO

can be grown to large diameter using solution-based

growth techniques, which are inherently scalable. This

technique is analogous to the commercial production of

quartz in which large batch reactors can produce kilograms

of single crystals in a single growth run and underpins this

critical industry. The development of this growth technol-

ogy for ZnO bulk single crystals is in progress now in

many laboratories. For instance, the authors of Ref. [15]

have grown ZnO crystals from hydrothermal solutions. In

this case, autoclaves made of high strength steel were lined

with platinum inserts to isolate the crystal growth envi-

ronment from the walls of the autoclave. The crystal

quality was high, but the size of crystal grown is not

indicated. Recently, the hydrothermal method combined

with a platinum inner container was applied to grow large

transparent ZnO single crystals with high-purity [8].

In this work, a reliable technology for ZnO crystal

growth using corrosion proof non-noble metallic vessels is

considered, and the thermal stability and dislocation den-

sity of grown single crystals is presented.

Experimental

Steel autoclaves lined with corrosion proof non-noble

metallic vessels of 5-l capacity were used for the hydro-

thermal growth of zincite crystals. Long-term ZnO crystal

growth cycles (up to 80 days) were based on the 3.0–

4.5 M solutions of KOH, NaOH, K2CO3 or their mix-

tures. Lithium hydroxide LiOH was added for decreasing

the growth rates along [0001] direction. All reagents are

of 99.98%. Since this complex system has the narrow

metastability field, additional studies of composition and

concentration of hydrothermal solutions were undertaken,

in order to avoid spontaneous nucleation. It was achieved

by careful control over the solution composition and

density, heating rate of the autoclave during the crystal-

lization process, and maintaining stability over all crystal

growth parameters.

The starting ZnO powder was pressed and sintered at

900 �C under pressure 500 kPa. Then, the tablets were

loaded in the lower part of the lining vessel (dissolution

zone). Plate-like seeds 2-in-size (2 inches in ‘‘diameter’’)

prepared from zincite crystals, derived from previous

hydrothermal growth runs, and were oriented parallel to

(0001) and 10�10ð Þ were fixed in an upper section of the

liner (crystallization zone). Saturated solutions were

transferred from the lower more highly heated zone into the

higher and cooler zone due to the thermal convection. As a

result of supersaturating solution in the upper section of

autoclave, lead to deposition of ZnO on the existing seed

crystals.

Thermocouples were clamped in the special pockets and

placed between the outer surface of insert and internal wall

of autoclave. The synthesis was performed under the direct

temperature gradient. The temperature in dissolution zone

was held at 330–360 �C. The inner pressure varied within

the range of 20–40 MPa.

Thermal stability of the grown ZnO crystals was

investigated in air, oxygen, nitrogen, and argon atmosphere

as well as in vacuum at the temperatures 700, 800, 900,

J Mater Sci (2008) 43:2336–2341 2337

123



1,000, 1,050, and 1,100 �C. The morphology, at the micron

scale, of ZnO single crystals was observed by optical and

electron microscopes before and after each annealing

procedure.

Aqueous solutions with different concentrations of HCl,

H3PO4, oxalic, acetic, ascorbic acids, and NH4F were tes-

ted for selective etching of seed plates, as-grown (0001)

faces and slices parallel to c-plane face. Etching time was

varied from 5 to 20 min in the temperature range of

20–60 �C.

In order to decrease dislocation density of ZnO crystals,

so called ‘‘turning’’ seeds were prepared in two stages.

Since dislocations are spread perpendicular to the crystal-

lization front, monohedron slices cut from the grown

crystals on the prismatic seed should contain a small

number of these defects intersecting the prism surface. At

the first stage, 10�10ð Þ-oriented plates were used for ZnO

crystal growth. Then, parallel plate (0001) slices were cut

from the crystal grown and chemically polished in 9 M

NaOH solution.

Results and discussion

Transparent and light yellow-green ZnO crystals with size

up to 30 · 30 · 12 mm3 and weight of about 150 g were

obtained in growth experiments (Fig. 1). Zincite crystals

grown on monohedral seeds have quite developed two

monohedron faces (0001) and 000�1ð Þ as well as positive

hexagonal pyramid 10�11ð Þ (Fig. 2). As mentioned above, c

axis is polar in ZnO crystal structure. The opposite sides of

the seed have different atomic arrangement at their surfaces

and, consequently, different growth rates. The growth rate

on the (0001) face was up to 0.12 mm/day at 340 �C, but

the 000�1ð Þ face did not practically grow.

Growth pyramid of positive monohedron is character-

ized by better quality and larger sizes and it seems to be

very convenient for cutting crystal on the later stages of

substrate processing. On the whole, monohedral (0001)

plane is rather smooth. Although, large single polygonized

growth hillocks were observed on its surface.

It is well known that the quality of grown crystals

greatly depends on the quantity and type of defects in

seeds. On the other hand, some defects such as small cracks

and channels in the initial slice may disappear during the

growth process. Deflection of seed plane from the mono-

hedral surface not more than 300 causes the formation of

the regeneration zone approximately 0.1–1.0 mm thick

with numerous gas–liquid inclusions. Sometimes, appear-

ance of such inclusions results from unstable growth

conditions, for instance, seals failure or capture of

mechanically generated iron impurities (*0.6 · 10�4 ppm

[13]). The twins coming on the surface of a positive

monohedron of the seed always wedge out due to differ-

ence in growth rates in [+c] and [�c] directions.

In general, the slowest growth rate leads to better

crystals because there is a time for the atoms to migrate or

diffuse along the crystal surface to the lowest energy sites

which are the most stable and lead to a crystallographically

regular lattice.

Fig. 1 ZnO crystals grown by the hydrothermal method: (a) situated

on the frame (portion of the frame shown), (b) zinc oxide single

crystal

Fig. 2 Schematic drawing of ZnO crystal monohedron indicating

principal facets and orientations
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Thermal treatment in air, oxygen, nitrogen, or argon

atmosphere as well as in vacuum at the temperatures 700,

800, 900, 1,000, 1,050, and 1,100 �C indicates that these

hydrothermally grown zincite crystals are stable at the

temperatures up to 1,000 �C for at least 4 h.

In selective etching, sharp-cornered etching pits were

observed on the monohedral face. The pattern and density

of the etch pits depend greatly on the nature and concen-

tration of chemical reagent as well as on temperature and

etching duration. Organic etchants promote indistinct pat-

terns of the etch pits. Inorganic acids characterize by a high

preferential etching at defects; however, the etching pits

have conic section with round base. In the case of NH4F,

there are small sharp-cornered etching pits with deep

etching canals appearing at the bottom of the pits.

The aqueous solutions of 25-mol% HCl + 3-mol%

NH4F seem to be the best for selective dislocation etching

of ZnO crystals and possess to reveal linear structural

delineations. In this case etch figures were represented by

sharp-cornered polygonized pits up to 0.07 mm in diameter

cut by faces of negative hexagonal pyramid of high indexes

10�1Lð Þ (Fig. 3). Pyramidal pits were naturally oriented

along the crystallographic directions.

Two different kinds of etch pits were observed on the

(0001) face of ZnO crystals after defect-selective etching:

flat-bottomed and sharp-cornered forms. The first ones

were confined to surface defects. Sharp-cornered figures

resulted from structural boundaries. Generally, they were

isolated (Fig. 3) or formed network structures consisting

irregular lines (Fig. 4), attributed to the channels generated

at the twin locations or resulting from unstable growth

conditions. Network structures consisting of irregular lines

were found both in seed slices and layered crystal sections.

Optical inhomogeneity was observed in such regions in

polarized light.

The density of single sharp-cornered etching pits varies

from n up to n · 103 in different crystals (Table 1). High

supersaturations of hydrothermal solutions result in

increasing dislocation density of the grown crystals. A

steep temperature gradient over the crystallization zone

leads to significant spontaneous nucleation and formation

of twins on ZnO pyramidal faces.

It was found that dislocation density in seeds is much

higher in comparison with the layers grown when

Fig. 3 Sharp-cornered polygonized pits formed using a selective

etchant composed of HCl + NH4F etchant at T = 20 �C and etched

for 5 min

Fig. 4 Network structures consisting of irregular lines formed by

etching pits attributed to sub-grain boundaries (monohedron face,

HCl + NH4F etchant, T = 20 �C, 5 min)

Table 1 Experimental results of ZnO defect-selective etching

Sample Etch pits

density (cm�2)

Growth rate

of the (0001) face

(mm/day)

Seed 920 0.11

(0001) slice 3200

As-grown (0001) face 3200

Seed 900 0.08

(0001) slice 1300

Seed 8000 0.10

(0001) slice 5000

As-grown (0001) face 4000

Seed 2300 0.07

(0001) slice 560

As-grown (0001) face 240

Seed 250 0.04

(0001) slice 250

As-grown (0001) face 400

Seed 1400 0.04

As-grown (0001) face 3500

Seed 3 0.05

(0001) slice 300
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thermobaric parameters were provided by an automatic

maintenance of crystallization process. It makes to be

possible to grow high quality crystals using seeds that

possess rather high dislocation densities (Fig. 5).

Since dislocations are spread perpendicular to the

crystallization front, monohedral slices cut from the crys-

tals grown on the prismatic seed should contain a small

number of these defects. Selective etching confirms, if

‘‘turning’’ seeds have single etching pits, their number

increases during the growth experiment (Fig. 6). Figure 7

shows etching pattern on the as-grown (0001) face of a

ZnO crystal obtained on ‘‘turning’’ seed. Defects located in

the center of this crystal were inherited from the seed,

while they are practically absent at its periphery. Growth

rate of the positive monohedron on the ‘‘turning’’ seeds is

two times lower than in ordinary crystals. It may be con-

nected with difficulties to initiate a new tangential layer on

the growing surface.

Conclusions

A reliable crystal growth technology was developed based

on ZnO hydrothermal synthesis. Transparent, light yellow-

green color zincite single crystals with size up to 2 inches

were obtained. A method of defect-selective etching is

suggested to study the underlying microstructure of ZnO

crystals. It was found that aqueous solutions of 25 mol%

HCl + 3 mol% NH4F seem to be the best media for defect-

Fig. 5 Etching patterns (·50): (a) seed (0001) plate, (b) (0001)

slice, (c) as-grown (0001) face (HCl + NH4F etchant, T = 20 �C,

5 min)

Fig. 6 Etching pattern on the ‘‘turning’’ (0001) seed slice (a) and as-

grown (0001) crystal face (b) after etching in HCl + NH4F etchant at

T = 60 �C for 10 min
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selective etching and can reveal the linear structural

boundaries within the crystal. Further investigations

revealed two kind of etch pits, which correspond to two

different types of defects. Dislocation density depends on

the defect quantity in seed slices as well as on growth

conditions. High supersaturation, solid inclusions, and

temperature fluctuations lead to an increase in number of

structural defects. It was shown that usage of ‘‘turning’’

seed slices can be used to grow ZnO single crystal with low

dislocation density. It was also found that ZnO crystals

grown are stable in air, oxygen, nitrogen, and argon

atmosphere as well as in vacuum at the temperatures up to

1,000 �C under thermal treatment up to 4 h. Preparation

and examination of ZnO substrates for GaN thin film

growth are in progress.

Acknowledgements This work was supported by the US Civil

Research & Development Foundation, CGP Award # RUC2-2627-

MO-04, and by the Grants of Russian President for young scientists

MK-2794.2005.05, MK-4594.2006.05 and VK-4456.2006.5.

References

1. Pearton SJ, Norton DP, Ip K, Neo YW, Steiner T (2005) Prog

Mater Sci 50:293

2. Nause J, Nemeth B (2005) Semicond Sci Technol 20:S45

3. Look DC, Reynolds DC, Sizelove JR, Jones RL, Litton CW,

Cantwell G, Harsch WC (1998) Solid State Commun 105:339

4. Ntep J-M, Said Hassani S, Lusson A, Tromson-Carli A, Ballutaud

D, Didier G, Triboulet R (1999) J Cryst Growth 207:30

5. Kuzmina P, Nikitenko VA (1984) In: Zinc oxide. Processing and

optical properties. Nauka, p 166 (in Russian)

6. Kortunova EV, Lytin VI (1997) Ann Chim Sci Mat 22:647

7. Sekiguchi T, Miyashita S, Obara K, Shishido T, Sakagami N

(2000) J Cryst Growth 214/215:72

8. Ohshima E, Ogino H, Niikura I, Maeda K, Sato M, Ito M, Fukuda

T (2004) J Cryst Growth 260:166

9. Hellman ES, Buchanan DNE, Wiesmann D, Brener I (1996) M R

S Internet J Nitride Semicond Res 1:Art. 16

10. Kortounova EV, Lyutin VI, Chvanski PP (2001) In: Proceedings

of the international conference on crystallogenesis and mineral-

ogy, St. Petersburg, Russia, p 201

11. Kortounova EV, Lyutin VI, Dubovskaya VD, Chvanski PP

(2001) High Pressure Res 20:175

12. Kortounova EV, Lyutin VI, Chvanski PP (2002) In: Proceedings

of the international conference on crystal growth, Moscow, p 336

(in Russian)

13. Kortunova EV, Chvanski PP, Nikolaeva NG (2005) J Phys IV

France 126:39

14. Hamdani F, Yeadon M, Smith DJ, Tang H, Kim W, Salvador A,

Botchkarev AE, Gibson JM, Polyakov AY, Skowronski M,

Morkoc H (1998) J Appl Phys 83:983

15. Suscavage M, Harris M, Bliss D, Yip P, Wang S-Q, Schwall D,

Bouthillete L, Bailey J, Callahan M, Look DC, Reynolds DC,

Jones RL, Litton CW (1999) MRS Internet J Nitride Semicond

Res 4S1:G3.40

Fig. 7 Etching patterns on the as-grown (0001) face obtained on the

‘‘turning’’ seed (HCl + NH4F etchant, T = 20 �C, 5 min)

J Mater Sci (2008) 43:2336–2341 2341

123


	Hydrothermal synthesis of improved ZnO crystals for epitaxial growth of GaN thin films
	Abstract
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


