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Recent l y we dem onstrated grow th of mono crystall in e Zn O Ùlms by
atomic layer epita xy in the gas Ûow variant using inorgani c precursors . I n
this study , w e discuss prop erties of ZnO Ùlms grow n w ith organic precursors.

Successful Mn doping of the ZnO Ùlms during the grow th w as achieved using
the Mn -thd complex. Secondary ion mass spectroscopy and X -ray investiga-
tions reveal the contents of Mn up to about 20% of the cationic comp onent.

PACS numb ers: 68.55.Jk, 68.55.Ln, 68.55.N q, 78.66.H f, 81.15.K k

1. I n t rod uct io n

Zn O Ùlm s are intensi vely studi ed due to thei r potenti al appl icati ons in opto -
electronics (UV l ight sources), gas sensors, piezoelectri c sensors, tra nsparent elec-
tro des, as wel l as to thei r a ttra cti ve m agneti c properti es created by doping wi th
tra nsiti on m etal ions. Several a lterna ti ve metho ds are appl ied to obta in ZnO Ùlm s.
Thi s incl udes ion sputteri ng [1], reacti ve therm al evaporati on [2], spray pyro lysis
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[3], pul sed laser depositi on [4], m etal organi c chemical vapor depositi on (MOCVD )
[5] and molecular beam epi ta xy (M BE) [6,7].

R ecently we reported successful growth of polycrysta l l ine and crysta l l ine
ZnO Ùlm s by ato mic layer epi ta xy (ALE) often ref erred to as ato mic layer deposi-
ti on (ALD ) [8, 9]. In the recent years, the numb er of ALE(D ) papers increases
exp onenti al ly. At present the rati o of reports on ALD -grown m ateri als versus
MBE- grown appro aches 1:4 and increases fast. Thi s relates to sim pl icit y and ver-
sati l i ty of the ALE(D ) m etho d in whi ch the reacti on precursors are al terna tel y
intro duced to the growth chamb er. Thi s enabl es one to use a wi de range of precur-
sor pai rs of very di ˜erent reacti vi ty , incl uding very reacti ve ones (no t suita ble for
the CVD or MOCVD growth pro cesses [10]). Thi s qual i t y of ALE(D ) was uti l ized
by us in the present study on growi ng ZnO Ùlm s from a range of di ˜erent inorganic
(di scussedelsewhere) and organic precurso rs. The growth deta i ls are given below.

2. A L E gr owt h of Zn O Ùlm s

R ecently, we reported successful growth of ZnO Ùlm s using simpl e inorganic
zi nc precursors, such as meta l Zn or ZnCl 2 . Mo nocrysta l l ine ZnO Ùlms were ob-
ta ined only on GaN/ sapphi re substra tes [9]. Fi lm s grown on soda l ime glass, sap-
phi re, or sil icon ((0 01) or (111)) were polycrysta l l ine [8]. The use of sim ple inor-
gani c precursors resulted however in relati vely low growth rates. Fi lm s of a thi ck-
ness of few hundred nm were typi cal ly obta ined in the ALE process consisti ng of
4000 cycles.

W e tested several organi c zinc precurso rs to increase the growth rates. In
thi s wo rk, we discuss pro perti es of the ZnO Ùlm s obta ined using zinc acetate
(Zn(C H3 COO) 2 ) as organic zinc precursor. W e report also on two new ALE(D )
pro cesses perf orm ed to opti mize Mn dopi ng of our Ùlm s.

2. 1. ZnO Ùlm s grown from zinc acetate

ZnO Ùlms were obta ined by hydro lysis of zinc acetate (see R ef. [10] and
ref erences given in). Growth was perform ed at 360£ C substra te (sapphi re) tem -
perature, tem perature of zinc source of 250£ C wi th 0.5 to 1 s long ALE(D ) pul ses.
Ni tro gen gas wa s used as tra nsp ort and valving gas. Processes perf orm ed at lower
substra te tem perature resul ted in polycrysta l l ine Ùlm s of lower qual i ty wi th gra ins
of a smal ler size. Use of zinc organic precurso r (wa ter was used as oxyg en source)
resul ted in larger growth rates. Fi lm s of microm eter thi ckness were obta ined in
our typi cal ALE(D ) processes of 4000 cycles.

2.2. Mn doping of ZnO Ùlms

Mn doping wi th inorganic precurso rs (m etal Mn, MnCl 2 , MnI 2 ) resul ted in
relati vel y low Mn concentra ti ons in the Ùlm s,wel l below 1%. Thi s is why we turned
our attenti on to m ore reacti ve organic Mn precursors. Two typ esof such precursors
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were tested in the present work. W e used either Mn- thd (2, 2, 6, 6- tetra m ethyl -
-3, 5-hepta nedione) or Mn- acac (C 15 H21 MnO 6) as organi c Mn sources. Pro perti es
of these precursors are di scussed in [10]. These precursors enabled us to obta in
signiÙcantl y larger Mn fracti ons in ZnO, reachi ng, in the case of Mn- thd precursors,
up to about 20%, as concl uded from secondary ion m ass spectroscopy (SIMS)
m easurements. Mn precursors were kept at 160£ C temperature, whereas other
growth param eters were mainta ined, as in the pro cess described above.

W e tested two growth m etho ds to intro duce Mn into ZnO latti ce. In the Ùrst
one we Ùrst grew ZnO layer using zinc acetate and wa ter vapor and a glass or
sapphi re substra te kept at 360£ C. Then ZnO Ùlm was covered wi th MnO layer in
the process perf orm ed at reduced tem perature of 200£ C, using Mn- thd precursor
and water vapor. Thi s pro cess led to the highest Mn fracti on in our Ùlm s (about
20%, as concl uded from SIMS measurements). Mo st surpri singly Mn fracti on in a
Ùlm was fai rl y in-depth homogeneous, as concl uded from the SIMS investigati ons,
indi cati ng Mn { Zn interm ixing duri ng the MnO growth. In the second pro cess we
sequenti al ly intro duced to the growth cham ber either zinc precursor or Mn organic
precurso r to gether wi th wa ter vapor as oxygen source. Thi s pro cess resulted in
lower Mn fracti ons in our Ùlm s, but in our opini on decreased the chance of MnO x

preci pi tates.
Below we shortl y di scuss structura l , opti cal , and electri cal properti es of the

ZnO and ZnMnO Ùlm s grown usi ng organi c precursors.

3. Ch ar act er izat ion of Zn O an d Zn Mn O Ùl m s

As al ready m enti oned, the use of organic zinc precurso rs resul ted in signiÙ-
cantl y increa sed growth rates. Fi lm thi cknesses up to 4 m icrometers were achi eved,
whi ch indi cated growth rates increased by the factor of 8, as com pared to pro cesses
wi th inorgani c zinc precursors. These Ùlm s show however worse surface m orpho l -
ogy, as demonstra ted in Fi g. 1, compari ng ato m ic force micro scopy (AFM) im -
ages taken f or two typ es of ZnO Ùlm s: (a) for monocrysta l l ine Ùlm grown on
GaN/ sapphi re wi th inorganic zinc precursor and (b) for ZnO/ sapphi re Ùlm grown
usi ng zinc acetate. Granul ar microstructure of the latter Ùlm was observed, wi th
relati vel y large height Ûuctua ti ons of about 12.5 nm . Thi s value was observed for
as-grown Ùlms wi tho ut any post-growth heat trea tm ent.

Opti cal properti es of the Ùlms depended on the post-growth anneal ing in
oxyg en. Before anneal ing only deep levels related photo lum inescence (PL) bands
were observed, wherea s annealing resul ts in appearance of sharp exci to n-related
bands in the band-edge region of the PL spectrum , indi cati ng good quali ty of our
ZnO Ùlms.

X- ray di ˜ra cti on investi gatio ns (Fi g. 2) indi cate di ˜erent growth mechanism
for Ùlms grown wi th zinc acetate. Surpri sing ly, these Ùlms grow wi th the c-axi s
in the Ùlm plane, instead of usual ly observed c-axi s being perpendi cular to the
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Fig. 1. A FM images for (a) ZnO / GaN /sapph ire mono crystal li ne Ùlm grow n using inor-

ganic precursors (prop erties of these Ùlms are discussed in [9]) and (b) of ZnO /sapphi re

Ùlm grow n using zinc acetate as zinc precursor. Di ˜erent scales are used for x , y , and z

axes in the A FM images follow ing considerabl e di˜erences in the Ùlm roughness.

surf ace. Even m ore surpri sing ly, thi s growth m ode changes upon doping. For Mn
doped lay ers growth wi th the c-axi s norm al to the Ùlm surface is observed once
m ore (Fi g. 2).

Mn presence in our ZnO Ùlms was conÙrm ed by SIMS, X- ray (energy di s-
persive X-ray Ûuorescence (ED XR F)), and opti cal investigati ons. The highest Mn
fracti on obta ined by us wa s about 20%, as indi cated by SIMS analysis. As m en-
ti oned above, thi s Mn fracti on was achi eved in the process in whi ch MnO layer
wa s grown on top of ZnO. D espite the f act tha t SIMS indi cated very homogeneous
in-depth Mn concentra ti on of such Ùlms (do ped using the Mn- thd precursor), we
tested later on pro cess in whi ch Mn precurso r wa s intro duced every thi rd cati on
precurso r pul se.

W e Ùrst com pared e£ ci ency of dopi ng using two organic Mn precursors,
whi le keepi ng the sim ilar ALE(D ) sequences. The Mn- acac precursor pro ved to
be less e£ ci ent tha n Mn- thd one, resul ti ng in slightl y smal ler Mn fracti ons (see
Fi g. 3).
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Fig. 2. X -ray di˜raction patterns show ing tw o di˜erent grow th mo des for ZnO undop ed

and dop ed Mn using organic precursors. For Mn dop ed layers strong c -axis related

reÛection is observed indicatin g grow th mode w ith c -axis normal to the Ùlm plane.

Fig. 3. C omparison of EDX RF spectra taken for ZnMnO Ùlms grow n by A LE(D) using

tw o typ es of organic Mn precursors, as indicated in the Ùgure.

It is fai rl y di £ cul t to estim ate exact Mn f racti on in our Ùlm s. SIMS and
X- ray investigati ons, incl udi ng micro-probe study (ED XR F), conÙrm Mn presence
in the layers, but leave an open question on rate of Mn substi tuti on into the
ZnO latti ce. W e bel ieve tha t at least part of Mn is intro duced into latti ce sites
repl acing zi nc. Fi rst of al l , we observed tha t Mn dopi ng causes a shift of the
band gap of ZnO. The results of opti cal absorpti on experim ents are shown in
Fi g. 4, dem onstra ti ng a noti ceabl e shift of band gap as a result of Mn dopi ng. It is
however not kno wn how the band gap of ZnO shoul d change up on Mn doping, so
we could not determ ine exact Mn fracti ons in our Ùlm s from the observed shifts of
funda m ental band-gap energy. In turn, X- ray analysis indi cated a change of latti ce
parameters up on Mn intro ducti on. Rough estimati on from these X- ray data (we
estim ated how the latti ce parameter should change f or ZnMnO Ùlm s depending
on Mn fracti on) indi cated 6 to 8% Mn fracti on in ZnMnO layer studi ed in opti cal
absorpti on experim ent shown in Fi g. 4. Exa ct Mn standards for SIMS and ED XR F
exp eriments are requi red for deta i led estimati on of Mn fracti ons in our Ùlm s.
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Fig. 4. Shif t of a fundamental energy band gap w hen ZnO dop ed by Mn. Mn fraction

in the Ùlm studied w as about 6 to 8%, but exact value remains unknow n.

El ectri cal measurements indi cate preferenti al n - typ e conducti vi ty of our Ùlm s.
Fi lm conducti vi ty depended on the growth deta i ls and on the Ùlm thi ckness. The
hi ghest conducti vi ty was observed for thi ck Ùlm s grown on sapphi re using organic
precurso rs, whereas the Ùlms grown on soda l im e glass were resistive. Mn doping
has rather small e˜ect on the Ùlm resisti vi ty .

4 . Co n cl usion s

W e report successful growth of ZnO Ùlm s by ato m ic layer epi ta xy. Crys-
ta l l ini t y of ZnO Ùlm s depended on the substra te and on precursors used in the
pro cess. Mo nocrysta l line Ùlms were grown using inorganic precurso rs when latti ce
m atched substra te wa s used. The use of organic precursors resul ted, on one hand,
in enhanced growth rate and better opti cal properti es of the Ùlm s, but, on other
hand, in rougher Ùlm surfaces. The appl icati on of organic Mn precurso rs opens
chance of growi ng di luted m agneti c semiconducto r sam ples wi th large Mn frac-
ti ons. Fi lm s wi th Mn- fracti ons of up to 20% were obta ined in the pro cessin whi ch
ZnO Ùlm was Ùrst grown covered then wi th MnO Ùlm . Thei r magneti c pro perti es
are presentl y under investigati ons.
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