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Impurities in ZnO specimens, including targets for pulsed laser deposition and thin films resulting
from their use, were analyzed by secondary ion mass spectro$&tihs). Negatively charged
complex ions bound with oxygen’{Ga®0~ and *“N*®0~) were found to be the most reliable
species with which to evaluate the Ga and N content of ZnO films by clarifying possible mass
interference effects in SIMS analysis. Calibrations were carried out to determine the Ga
concentration Cg,) and the nitrogen concentratio€f) by normalizing the signal intensities for
Gal%0~ and N0, respectively, to that for®Zn*®O~. Alternative ablation of pure single
crystal and Ga-doped ceramic ZnO targets was found to be effective not only for achieving
systematic control of the Ga concentration in Z(@a,N films, but also for minimizing the
contamination of undesired impurities from the sintered targets. The substrate temperature plays a
decisive role in control o€y due to a thermally activated desorption process of N-related species
during deposition. Systematic control of tg/Cg,ratio in a ZnO{Ga,N film was carried out on

a ScAIMgQ, substrate by introducing a controlled temperature gradient on the substrate during
deposition. A region with the correct concentration rati€f/ Cs,= 2, wherep-type conduction of

the ZnO film was theoretically predicted, was included in the composition spread sample in which
the C\/Cg, ratio was continuously varied over a wide range. 28003 American Institute of
Physics. [DOI: 10.1063/1.1542938

I. INTRODUCTION Secondary ion mass spectrosc@fyMS) is the best tool
by which to analyze impurity concentrations for valence con-

Highly efficient ultraviolet(390 nm) laser action at room trol of semiconductors. However, the detection of nitrogen is
temperature due to exciton recombinatidvas triggered in-  very difficult even by SIMS, because the nitrogen atom is too
tensive research into ZnO aimed at producing light emittingstable to be ionized.Therefore, it is necessary to perform
devices and lasers. Sophisticated band engineering is a meareful analysis of ionic complex species, taking the natural
ture technique which can be used to demonstrate even moebundance and mass interference effect into account. From
efficient stimulated emission in  Zn@Ag, Zn)O  our experiences of impurity measurement in GaN films by
superlatticesand enhanced exciton coupling from 60 meV SIMS? we expected that complex ions containing nitrogen
for bulk ZnO to 87 meV for the superlattic@sA critical ~ would be a good measure of the nitrogen concentration in
issue to solve in order to achieve current injection devices ignO films.
p-type doping of ZnO. By analogy with the case of ZrSe, In this article, we report on a systematic SIMS analysis
nitrogen doping has been carried out to prodpdgpe znO  of more than 700 ZnO specimens, including targets for
(Ref. 5, and references thergiryamamotoet al. theoreti-  Pulsed laser deposition and the resulting films. The elements
cally predicted that the codoping of Ga and N in a ZnoWe were concerned with were Zn, Ga, and N. First, we will
matrix with a concentration ratio of 1:2 would produce znO discuss the choice of ionic species for evaluating the concen-
with high p-type® conductivity. Although several reports trations, avoiding mass interference effects, and technical
have claimed thap-type doping of ZnO is possible, it is still imitations. The choice of%Zn'%0™ for Zn (discussed in Sec.

7 6M— H 14nj16—

a controversial topic and a systematic study is needed, if!!AL); 'Ga°0" for Ga(in Sec. Il A2), and™N*®0" for N

cluding accurate control and evaluation of the heterovalentin S€c. Il A3) are justified through careful examination. The
impurity concentratiofs. calibration of absolute concentrations for Gag) and N

(Cy) is shown using SIMS data for Ga-doped ZnO bulk
ceramic specimens and N-implanted single crystal speci-

dAuthor to whom correspondence should be addressed; electronic mai};nens respectively Then. we will show h@% andC. can
temsumi@ipc.shizuoka.ac.jp ’ ) ' a N

YAlso at Combinatorial Materials Exploration and Technold@OMET), be (?ontrolled SyStema.-tica”y and indEpendemly by the correct
169-0072, Japan. choice of target ablation sequence and substrate temperature
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TABLE I. SIMS count distribution (/e=80-88) normalized to that ah/e=86 for all targets. — indicates signal intensity of ovex 1¢° counts. Zn
isotopes:®4Zn:®6zZn:57zn:%8zn:"%Zn=48.6:28:4.1:19:0.6%; O isotope¥0:170:1¥0=99.76:0.04:0.2%; Ga isotope¥Ga:"‘Ga=60.1:39.9%; N isotopes:
1N: 1N =99.63:0.37%.

m/e 80 81 82 83 84 85 86 87 38
eaaneo—
Isotope 667n160~ 67znt%0~ 57znt’0" 67zn'80" 70zn160"
combination 647nt60~ 8470’0~ 647nt80~ 667nt’0~ 667n180~ 8870170~ 687n180~ Znt’0" 0Znt80-
Ideal 76 0.031 43.9 6.4 29.8 0.025 1 0.00038 0.0019
intensity
EP target - 0.042 - 5.8 - 0.030 1 0.0010 0.0019
(Ga-doped - 0.18 - 5.9 - 0.48 1 0.27 0.0030
4x10% cm 3
target
2x 107 cm2 - 0.068 — 6.0 — 2.2 1 1.5 0.0027
target
4x10°° cm 3 - 0.11 - 5.9 - 3.1 1 2.1 0.0043
target
2x 10t em™3 - 0.48 - 6.2 - - 1 - 0.017
target
Possible 59GaC %9Ga N~ 59Gato~ 59Ga’o" 1Gato- 89Zn+2C”
impurity 89Gato- “Gao-
species

in Secs. 1lI B and 11l C, respectively. Finally, we will demon- operated at 500 W with nitrogen gas flow ok30 ° Torr
strate a way to adjust the dopant concentration ratialuring pulsed laser deposition. The substrate was heated by
(Cn/Cgp to be exactly two by using an original temperatureradiation from a continuous wave semiconductor laser beam
gradient method that we have developed, described in Se¢x =804 nm, 30 W.>° Any additional experimental details
lc. are described in each section.

Il. EXPERIMENTS
A. Sample preparation B. SIMS analysis

We employed three kinds of specimens: high-purity = For SIMS analysis we employed a magnetic-sector-
single crystals made by a vapor transport metfiBdgle based instrumentCameca IMS-4). A Cs"-ion beam was
Pitcher Co(EP) target, sintered ceramics targets and epitax-used as the primary ion source to detect negative secondary
ial thin films. The former two were used as targets for pro-ions, since negative secondary ions were found to be more
ducing epitaxial thin films by pulsed laser deposition. Thesensitive for detecting impurities. The primary beam energy
impurity concentration for the EP target was reported to bevas set at 14.5 kV and the current was approximately 20 nA.
Ga: 80 ppb, N: 100 ppb Al: 26 ppb, and Si: 530 ppb. TheThe primary beam was rastered within a 140 sq area, and
sintered ceramic targets were doped with a prescribed corthe secondary ions were collected from the center of the
centration of Ga that varied from>410'° (0.1 at.% to 2  rastering area through a physical aperture. The mass spectra
x 107t cm™2 (5 at. %, as shown in Table |. These were ana- were measured for mass number/€), ranging from 0.5 to
lyzed by SIMS to produce a calibration curve fog,. Since 200 amu, while discriminating into 4000 channels using an
the ceramic targets were prepared by a conventional solidategration time of 0.2 s per channel. The mass number is
state reaction, contamination with undesired impurities sucllefined asn/e, wheremis the mass of the ionic species and
as Al and Si was expected. The standard samplesCfpr e is the electron charge. The most suitable mass number set
calibration were prepared by nitrogen ion implantation atwas selected to determine the concentrations of Ga and N, as
100 keV into an EP targefpeak Cy: 1.8x10° cm %) as  discussed in Sec. lll A. Actual analyses were carried out by
well as into ZnO films on AIO; substrategpeakCy: 3.1  taking the depth profiles of the ionic species with a gate time
X 10%-3.1x 10?° cm™3). of 1 s per channel for each mass number. The detector in our

Thin films were deposited on ScAIMgO (0001 SIMS system is automatically switched from an electron
substratesby pulsed laser deposition employing a KrF lasermultiplier to a Faraday cup when the integrated count ex-
pulse (248 nm, 30 ns, 10 Hzat oxygen pressure of either ceeds 10 counts during the gate time. Therefore, we have to
107° or 10 ° Torr. To control the Ga concentration in the avoid mass numbers with very high signal intensity in the
films, an EP target and a Ga-doped ceramic target were athoice of ionic species. Also, for the choice of mass numbers
ternatively ablated at a prescribed ratio, as will be discussethat can be used to determine the Zn, Ga, and N species, we
in Sec. Il B. When nitrogen was to be doped into the ZnOhave to take into account the mass interference effect,
film, a radio frequencyrf) radical source gufSVT Co)was  whereby the intensity of one mass number overlaps that of
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10° T ; r T r ral abundance of Zn and O, without taking into account the
S s|c@) EP 700 target -770'°07(83) mass interference effect due to the presence of the Ga dopant
S 10k ;Oz[,wo-(gé)- and C contamination.
*3 4 The mass spectrum of a Ga-doped ceramic target exhib-
8 10°F S0 1) | 70307 (85) | its many additional peaks around th#ée value that we are
: 10°k v { N concerned with, as shown in Fig(d). The results for four
S , 20 0@ Ga-doped ceramics are also listed in Table 1. Wete
> 10}F LT 7°Zg:0'- =85 or 87, which also corresponds f9Gat®0~ and
—‘é i & "1Gal®0~, respectively, the signal intensity increases as the
S 10°F * ’I 7 Ga concentration in the targe€§%®) increases. Therefore,
A 10° | I I ﬂ: [ l ]lﬂ {il these twam/e peaks cannot be used as a way of measuring a

10° ' ' ' — ' Zn-related signal, although they are useful to deterniipg,
5 o Ga- 2x107em) 700’ ‘W“’?(fa“g_ as will be discussed in Sec. Ill A2. Far/e=81 and 88, the
S 10F doped target 9G 'C- Y s ™ signal intensity is so weak that the mass interference effect
g 4 o | Zn "0 due to carbon contamination may become dominant. As a
3 10°F G‘;‘ "'Ga Zn2C 7 result, the signals fom/e=83 or 86 could be useful. Since

64, o 1 1 - . . . .
S otk ZnC w Ga"0] the intensity ofm/e=83 (¢7Zn'®0") is close to the technical
© ) sl limit of 10° counts when the gate time is enlarged for the
g 107 . analysis of depth profiles, we decided to use an intensity of
S m/e=86(""Zn'%0") as the matrix signal. The mass interfer-
S 10°F | | w | I m ence effect due t8°Gal’O™ is confirmed as negligible due to
3 10 | I | 1l the very low natural abundance H0.
60 65 70 75 80 8 90 95
Mass number (amu) 2. Ga species

FIG. 1. Mass spectra for mass numbers ranging from 60 to 95 detected b In_orQer to make a calibration curve to .determm&i n .
SIMS using a C§ primary beam for(a) an EP target anéb) a Ga-doped e thin films, we analyzed the four ceramic targets listed in

(2x 102 cm3) ceramic target. The peaks that we are concerned with areTable I. The depth profiles fof’zZn*®0~ and the Ga-related

assigned as listed in Table I, taking into account their natural abundance argpecies [m/e=69 (*°Ga’), 85 (*°Ga®0~), and 87

mass interference effects. (°°Ga®0™)] were measured at several points in each Ga-
doped target. The intensity for each mass number was almost

. ) o constant throughout the depth profile analysis, and the inten-
another species with the sam#e originating from a com- sity of 7°Zn'®0~ for each target was constant a2 x 10°

bination of isotopes or impurities in the matrix. counts. A smaller physical aperture was used to measure the
target with the highest doping concentratio@3%*:2.0
Il RESULTS AND DISCUSSION ><.1021 cm ) to keep the signal intensity below 9 6ounts.
o o Figure 2 shows the signal intensities for the above-
A. Quantitative calibration of ~ Cg, and Cy mentioned species normalized to that &®n'®0~. For all of

in the ZnO matrix the species, the SIMS signal scales linearly with the pre-

scribed doping concentration. However, the usendé= 69
is not suitable because the signal intensity drops below the
Figure Xa) shows the mass spectrum for an EP targetdetection limit when we need to measu@;, below 1
taken after removing the surface contamination by sputtering< 10'° cm™3. Although the choice of Ga complex ions
the surface to a depth of about 1. The intensity distri- seems to be suitable for quantitative analysi<ef, at less
bution for the Zn isotopesnf/e=64—70) does not correlate than 1x10*® cm™2, we need to consider the mass interfer-
with the natural abundance and the signals are almost in thence effect due to the ZnGOspecies. As shown in Table I, the
noise level, even for the dominant isotope whewe=64.  signals originating from ®zZn'®0~(m/e=85) and
However, the ZnO (m/e=80-88) complex ions listed in "%Zn'’0~ (m/e=87) overlap the signals fd°Gal®0~ (m/e
Table | show much higher intensities. Thee values of 80, =85) and "‘Gal®0~ (m/e=87), respectively. Taking their
82 and 84, which contain complex ions of high natural abunnatural abundance into account, the former contribution is
dance such a&zn'®0~, %zn'%0~, and®Zzn'®0~, respec- much higher than the latter. By taking the mass interference
tively, should be avoided during the analysis because theffect into account as well, we simulated the possible profiles
signal intensity exceeds the limit of the electron multiplieras a function of the Ga concentration and plotted them as
detector. Therefore, the other ZnGpecies are good candi- dotted lines in Fig. 2. The formen/e value gives a consid-
dates as Zn-related species for evaluating impurity concererable signal offset at Iow@g‘;get. Therefore, we concluded
trations. Since Ga is next to Zn in the Periodic Table, wethat the choice of%Zn'’O~ (m/e=87) would be the best for
have to examine carefully the mass interference effect due tdeterminingCg,. The ratio(x) of the signal intensity for
its isotopes. In Table I, the signal intensities for variouve  *Ga®0~ (m/e=87) to that for’°Zn'®0~(m/e=86) is the
values(80—-88 are listed, normalized to that fon/e=86. best choice with which to determir@g, in ZnO. The cali-
The ideal signal intensities are also listed based on the natiration equation deduced from Fig. 2 is given as

1. Zn species
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Coa=%xX1.3x10%° cm 3.

@

The lower limit for quantitative evaluation &g, based on
Eq. (1) is ~5x 10 cm™2, which is sufficient for practical
doping experiments for thin films.

3. N species

We analyzed ZnO standard samples into which nitrogen
ions had been implanted at an acceleration voltage of 100
kV. The dose quantity was varied over the range of 5
X 10°-3x 10 cm™2. Figure 3 shows depth profiles of the
standard samples. TH&n'®O~ (m/e=86) signal intensity
is constant throughout the depth profile. Although a distinct
peak appeared in the mass spectrunmée= 14, the depth
profile of the signal intensity fom/e=14 did not correlate
with the Cy, profile expected from ion implantation, suggest-
ing impurity species such as GH On the other hand, the
depth profile of the complex ionic speci#N'®0~ shows a

FIG. 2. Relationship between prescribed Ga concentrations in ceramic taglear Gaussian-like peak. According to theHry:he peak
gets and SIMS counts for®%Ga (m/e=69), ®9Ga®0 (m/e=85),

"Ga%0~ (m/e=87), ZAlI**0~ (m/e=43), and?®Si~ (m/e=28) normalized

to that of°Zn*%0~ (m/e=86). The dotted lines are simulated by taking into

account the contributions §fZn*®0~ and"°zn*’0O~, which have the same
mass numbers as the Ga-related signals.

Secondary ion counts (a.u.)

Secondary ion counts (a.u.)

depth (L) and the standard deviatiofw) of the Gaussian
distribution for nitrogen in the single crystaldose: 3
X 10 cm™~?) should be evaluated as 174 and 64 nm, agree-
ing with the experimental results. Therefore, given the dose
quantity and the acceleration voltage, a complete Gaussian
profile can be simulated. For example, for the highest dose

7

].O L] L] L] L) ].O L) L) L] L]
(a)'dose~3o£10‘6cm‘2 ! Hose: 1.6x10%em
106 .Peak at 180nm - M )1 ] 106 | (b) dOSC. 1.6X10 lgcm-3_
| (peak: 1.8x10"c¢cm ) 70,250 (peak: 1.0x10 cm")
105 - * 7OZn160- — 105 — —
10 - 10*F -

3 5 |Peak at 186nm

10 - 10°F -
14,16 . -
10? 4 10 . N O _

1 1 m/e:14
10 - 10 -

0 400 800 1200 1600 0 400 800 1200 1600
107 L] I L] ( ) h l5 0 |1013 L) 2 107 L) I L) I L] I L]

6 ¢) dose: ».Ux10 cm sl 70 16, (d) Non-impla.
107 707060 (peak: 3.0x10%m ™| V20 O 7
10°F - 10°} .
10 H 10'} -
10° Eeai( at 182nm 4 10’ _

. m/e=14
107 _ACN0 o 10° Pt -
m/e=14 14, 16~
10° o: 64nni, L 1 10° L. 1
0 400 800 1200 1600 0O 400 800 1200 1600
Depth (nm) Depth (nm)

FIG. 3. Depth profiles of’Zn®0~ and'N'%0~ (m/e=30) andm/e= 14 for N ion-implanted standard ZnO epitaxial samples. Dose quafajt@:x 106, (b)
1.6x10% and(c) 5% 10 cm™2, and(d) nonimplanted ZnO film. The calculated profiles'8K*%0~ are represented by the dotted lines.

Downloaded 25 Oct 2004 to 130.34.226.195. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



2566 J. Appl. Phys., Vol. 93, No. 5, 1 March 2003 Sumiya et al.

0 .
10" 7/ T T T 3 10° b ' | m/e=386("Zn"0 )
o v '
~ :
-1 Zz :
. 10 - - g S E 87 (7lGal6O- )
[ S 10
= 42k - g : : :
N 10 .8 : 1\_43 ("A1°0
R : :
~ 4 1C . in targets H '
o . g 107 [“em®) 20107 1@ 4x10”
< 107 1~ . g pulse ratio in 1/50 { 1/10 | 1/80
Z S Ceramics/EP ' !
- N 3 | | |
10° - 10
2000 4000 6000 8000
- non-impla.
e 7/ i I I Depth (A)
7
1013 1019 1020 102[ 1022 FIG. 5. Depth profiles of%Zn'®0~, "’Ga®0~, and?’Al'O~ species for the
3 accumulated trilayer sample deposited using different Ga-doped ceramic
Peak nitrogen concentration (cm ) targets and the pulse ratio sequence indicated.

FIG. 4. Relationship between the peak nitrogen concentration and the inten-

sity of N80~ normalized to that ofZn'®0" for the standard samples. Practically impossible to prepare ceramic targets that have

The intensity for the nonimplanted ZnO film is also plotted. the prescrib(‘)l;(:té};get below 0.1 at.%. To solve these prob-

lems, we propose here an alternative ablation technique us-
) o . . ing a high purity EP target and Ga-containing ceramic targets
specimen, fittingdotted ling resulted inL =180 nm ando o minimize undesired impurities and to regul&g, at low
=70nm, which are close to the expected values. Th%oping levels.
14NT80~ profiles for the other standard samples could be also Figure 5 shows the depth profile of a sample composed
fit well by using the theory. Thus, we conclude tafe  of three layers grown by different target switching sequences
=30 is the best choice for determinirg, in ZnO films. in an alternative ablation technique. The bottom layer was

Wher; thf peak intensities dfN*®0", normalized to  grown by repeated cycles of 1 pulse ablation of a Ga-
those of OZQ %0~ (y) in the standard samples are plotted containing ceramic targetQl®:4.0x 16?°° cm3) and 80
against the implanted peak concentrations, a clear linear r'&ulse ablation of an EP target. The middle layer was grown
lationship is obtained, as shown in Fig. 4. We determined thgith 4 pulse ratio of 1:10 with the same set of targets. The
calibration curve forCy in ZnO films from this relationship top layer was grown with a pulse ratio of 1:50 using another
as Ga-containing ceramic targe€E®: 2.0x 10°* cm™3). Note

Cn(Y)=YX0.9x 10?2 (cm™3). (2)  that the typical deposition rate of the films is 0.01 nm/pulse
and it takes 26 pulses to form one molecular lay@e26 nm
of ZnO. Therefore, the alternating ablation technique can be
considered to create a uniform distribution of dopants.

The profile of Cg, (m/e=87) can be well regulated by
changing the pulse ratio and Ga concentration in the targets.
Cca is kept constant from the top to the middle layets;,
for the bottom layer is lower than for the tqpnd middle
layer by a factor of about 8. The profile 8fAI*®*0~ (m/e
=43), one of the undesired impurities, varies in proportion
to the pulse ratio. This means that the Al-related species are
incorporated mainly from the ceramic targets.

One of the drawbacks of pulsed laser deposition com-  To clarify these effects, we carried out some more sys-
pared with other semiconductor thin film deposition tech-tematic experiments. The growth conditions for the films are
niques such as molecular beam epitaxy and metalorgangummarized in Table Il. Although the substrate temperature
chemical vapor deposition is that undesired impurities in thechosen was varied in order to regulélig, as discussed later,
source materials are directly transformed into the thin filmsthis variation has little influence for the discussion here. We
The latter two methods involve a purification process of dis-defined the designed Ga concentrati@f{*"'*§ as simply
tillation during thermal evaporation of source materials.the product of the ablating pulse ratio a@°*'in the target.
Therefore, the selection of highly pure targets is essential téigure 6 shows the actuélg, in the films and the normal-
make semiconductor thin films by pulsed laser deposition. Inized signal intensities f&f’Al'®0~ and?®Si~ as a function of
this sense, the EP target is very suitable as one of the sour@f°“'*® The C, value can be successfully regulated by the
materials. However, as shown in Fig. 2, Ga-doped ceramichoice ofC}'g‘l.:f"Et and the pulse ratio, as can be seen by the
targets contain high levels of impurities such as Al and Siscaling behavior in Fig. 6. Although a slight offset, by a
both of which act as electron donors in ZnO. Also, it is factor of 2, is presentthe difference between the solid and

Since the normalized intensity ah/e=30 for the nonim-
planted ZnO film was~4x 10 °, we conclude that the de-
tection limit for Cy is as low as~4x 10 cm™ 3, which is
sensitive enough to use to determi@g in doping experi-
ments for these films. Thereforé’zn'®0~, N0~, and
Ga®~ can be used to determin€y and Cg, in
Zn0:(Ga,N films using a C$ primary beam.

B. Control of concentrations for undesired impurities
and Ga
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TABLE II. Sample preparation conditions for the alternative ablation ratio 21
of Ga-doped and EP targets. The calcule(t@fwas simply evaluated from 10
the ablation ratio an@&19®'. The oxygen pressure was<110~® Torr. The rf

power for the N radical was constant at 500 W, with dbs flow of 3

X 10"° Torr.

1 1 1 1 1 |

® Ga+N co-doped
O N only doped

8 Ga concentration

|
Temperature clrget Céx
(°C) (cm™3) Pulse ratio (cm™3)

o
(=]

A 465-500 2K 107 1/50 4x 10"
B 575-510 41070 1/80 5x 10'8
C 530-650 & 1070 1/500 8x 107

—
o

—
[=]
)

. 3
Concentration (cm )

broken lines, this enrichment of Ga due to the volatile na-

ture of the Zn-related species will be discussed later. The

ceramic targets contain similar concentrations of Al and Si 18

impurities, regardless o€&9¢in the targets, as shown in 10

Fig. 2. Even the EP target shows a distinct peak in the mas:

spectrum, indicating that the peaksmfe=43 and 28, re- 400 450 500 550 600 650 700 750

spectively, may not represent solely Al- and Si-related impu- Substrate temperature (°C)

rities. Nonetheless, the expected signal intensities were cal-

culated for these impurity peaks by taking into account thé?IG. 7. Temperatur_e dependence of N an_d Ga concentrations in_a ZnO:N
. . " . . . . film grown by ablating an EP targébpen circl¢ and a ZnOGa,N film

signal |nten§|t|es In the_ targe_ts anc_i _the ablation ratio to glV%eposited using ablation scheme A in Table(¢losed symbols Both

the dotted lines. The signal intensitiéspen symbolsmea- samples were accumulated from high to low temperatures under the same

sured for these films after alternative ablation of these twaitrogen radical conditions. The depth profile of the Z@a,N sample is

targets agree well with those shown by the dotted linediven in the inset.

Therefore, we conclude that the level of undesired impurities

can be reduced by the alternative ablation scheme and ap-

proach those of the EP target. The undesired impurity conzp pe simply controlled b9 and the pulse ratio, as

centrations in the films were decreased by almost two ordergiscyssed above, due to similar sticking coefficients of close
of magnitude compared with those in the Ga-doped ceramig, ynity for zn- and Ga-related species. However, the level

SIMS counts (a.u.)

0 500 1000 1500 2000
. Sputterling timel(sec)

targets. of N incorporation strongly depends on the substrate tem-
o ] perature, due to the thermally activated desorption of
C. Quantitative doping control of N N-related species. Therefore, in order to discuss the N incor-

Unlike in the case of Ga incorporation, N incorporation poration process in a quantitative fashion, we need to regu-

strongly depends on the surface chemistry, i.e., the forméd@ate the surface chemical reaction process and the resulting
film crystallinity. To do this, the use of a lattice matched

ScAIMgO, substrate is vitally important. As reported previ-

ously, excellent crystallinity can be achieved for ZnO on
ScAIMgO,, even at a substrate temperature as low as
150 °C? The incorporation of N has hardly any deleterious
. effect on the crystallinity in the temperature range of
400-600 °Ct? The results described here in Sec. IlIC are

g
\Q_)/
[=}
3 -
= 410°3
= ] || Lz based on these results.
§ ’ P B § Figure 7 shows the temperature dependenc€pfin
S EI Ji0 - ZnO:N andCy andCg, in ZnO:(Ga,N) films on ScAIMgQ,
& | A0 A - substrates. The ZnO:N films were grown by ablating an EP
— e S e g W R target under constant irradiation Wwita N radical. The
g 10 A A J10* = ZnO:(Ga,N films were deposited using ablation scheme A in
< ® Zn0:Ga target E Table Il under the same N radical conditions. The films were
10° —/,"16 '17 '18 '19 '20 '21 2120" 4 grown cumulatively at various temperatures, from high to
I 00 0 110 low, so a depth profile through the stack could provide a
Calculated Ga concentration (cm™) series of data points. An example of a depth profile of a

FIG. 6. Ga concentratiofleft axis), normalized?’Al**0~ (open square ZnO.(Ga,N) film _IS glvgn In the,mset of Fig. 7 For both
and 28Si~ (open trianglg counts (right axig for the thin films deposited ~CaS€S of N doping, with and without the addition of a Ga
using different ceramic targets and the ablation ratios given in Table Il as Z&lopant,Cy decreases exponentially when the substrate tem-
function of the calculated Ga concentration. For reference, the concentratioerature increases where@g, is kept constant. It should be

and the counts in the targets are given by the same symbols in and sho ; : ;
gray. The dotted lines are calculated for the intensitigaif0~ and?®si "foted thatCy is apparently higher for Zn@3a,N than for

impurities taking into account the signal intensities in the targets and thgznO:Nv especially at highe_r growth temperature_s. Th_iS find-
ablation ratio. ing should be correlated with the surface chemistry, i.e., the
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@) focused laser 6 (a)
substrate holder - 700k SIMS at _
= 8 4 positions
substrate %
(b 5 600 ﬁ -
3
£ 500 -EI%{T -
S =i
g L
low = high 5 400 |= -
TG L1 11 i a dl sy gl a1
FIG. 8. Schematics of the temperature gradient metk@dside view and — 102l R
(b) bottom view of the substrate holder. The laser used for heating is focused "PS (b)
on one side of t'he substrate holder. Asymmetric thermal isolation gives a S 0 ¥ ¥ Vs ((}}22‘1 average
continuous gradient of the temperature. g 10 -.-. eo..g/ a -
T o | sat%/pure =1/50 *Eéi
presence of Ga at the surface facilitates the incorporation of *E‘ 1071 = bl I_j \/ ' 7]
N. This is consistent with the codoping the8ry. s lat.%/pure =1/80 Q‘ *A
As shown in Fig. 7, it is difficult to controCy accu- = 0% X A- _é _ -
rately in the film, becaus€y decreases exponentially by g Vv 10 Torr lat.%/pure =1/500
orders of magnitude with an increase in substrate tempera- © | oheslo Tom o T
ture. However, it is possible to chan@g, systematically for 1021 B B I B I R I B N e
a film on a substrate by creating a controlled temperature —~ 10 —_ (c)-
gradient® on the substrate. A continuous wave semiconduc- & = +
tor laser beam was used to irradiate the backside of a sub- 2 10° F i -
strate holder with an asymmetric thermal isolation profile, as g -i-ﬁ:
illustrated in Fig. 8. The substrate holder was subjected toa 5 | E -
linear temperature gradient within each of the ranges given E 107 Im + 7
in Table 11, and monitored by a fine focus pyrometer. Simul- L - T TI‘::£
taneous doping of N and Ga in a ZnO film on a ScAIMgO g 108 F 10 Tort - i
substrate occurred under conditions A—C described in Table 2 Ilo""Tou -
[l using the alternative pulsed laser ablation technique with z T
two targets under a constant N radical supply. The tempera- 10
ture at the edge of the holder was varied from 410 to 750 °C. 0 > 10 15 20
Oxygen partial pressures P(,Z) of 1x10°° and 1 Run number
%10~ Torr were used. FIG. 9. Summary of SIMS experimental runs for spreadgangrowth

Figures 9a)—9(c) summarize, respectively, the spread in temperature(b) Cs,, and(c) Cy. In each run, SIMS analysis was made at
growth temperature o€e,, and Gy for about 20 runs of IR o onta dotted s it ndicate
experiments, for which detailed SIMS ana_lyses were Came(ﬁ]e calculategd Ga concentrat.ion. The nitrogen concentration is given as a
out. The SIMS measurements were carried out at three teontinuous spread in the vertical bars(@ for each run. The circle, square,
five positions on each sample along the temperature gradiersnd triangle in(b) correspond to ablating schemes A, B, and C described in
Cga Can be regulated by the appropriate ChOiC@@LQEt for Table Il, respectively. The open and closed symbol&jrare the me_zasu_red
the target and ablation ratio. Howevex, has a considerable values ofCg, and the average value along 'the% temperature grqdlent in each

) _of the samples, respectively. The symbols indicated by arrowls) iand the
spread depending on the growth temperature, as already ifotted lines in(c) are for the films grown WithPo,: 1 10~° Torr. The other
dicated in Fig. 7. The resultinG g, [Fig. Ab)] is higher by a  markers in(b) and (c) are for the films grown wittPo, :1x 10 Torr.
factor of approximately 2 tharCZ° (horizontal broken
lines). This is partly due to the difference in ablation rate
between Ga-doped ceramic ZnO and highly pure EP targetorated into a ZnO film at lower temperatures with a lower
and partly due to the rather higher vapor pressure of ZnPo, due to the larger amount of nitrogen radical at the grow-
related specie¥ Although a slight variation o€, was ob-  ing surfaceCy is predominantly governed by thermally ac-
served over the temperature gradient, its range is much nativated desorption of N-related species, regardles@@zt
rower than that of th€y in the films, as shown in Fig.(8).  Cy, for the three kinds of samples grown for ed}, regime

The temperature dependences @, and Cy for the  \ares over three orders of magnitude from Qo
ZnO(Ga,N films grczvg/n using th_e5 temperature grad_|ent 10%* cm3, covering the range of control @g,. It should
method atPo, 1x10°° and Ix10"> Torr, are shown in  pe noted that the variation &, in each sample crosses the
Figs. 1@a) and 1@b), respectively.Cg, was not influenced  regulated Ga concentration. Figure(d0shows theCy/Cg,
by Po, and it was constantly regulated at around®10",  ratio for these samples. In practical terms a Zi@;N film

and 1G° cm™3. Although nitrogen is more likely to be incor- grown by pulsed laser deposition can cover a wide range of
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Tl T T  p— IV. CONCLUSION

(a) P, 1x10"° Torr We have investigated a technique for analyzing quanti-
tatively heterovalent impurities in ZnO materials by SIMS
measurements and have systematically controllgdand
Cga in ZnO films grown by pulsed laser deposition. The
- signal of the negatively charged secondary ion
m 07n%0~ (m/e=86) should be used as the matrix. When the
signals relating to the Ga and N concentrations in the ZnO
are to be detected by the SIMS measurement, the use of
Gal®0~ (m/e=87) and*N*®O~ (m/e=30), respectively,
- —] are the most reliable secondary ions. The ratio§'6&60~
(b) Py 1x10° Torr and*N*0~ to 7%Zn'%0~ correspond to the absolute concen-
2 tration of Ga and N in the ZnO films. Alternating ablation of
a single crystal and a ceramic target containing a concen-
trated Ga dopant allow systematic control of the Ga concen-
tration while at the same time maintaining minimal contami-
nation from undesired impurities. Sincg, and Cg, in a
Zn0:(Ga,N film grown by pulsed laser deposition can be
controlled by altering the substrate temperature and the alter-
native ablation ratio, respectively, high-quality ZiiGa,N
films on ScAIMgQ, substrates with a wide spread in compo-
sition for the C\/Cg, ratio were achieved at variouSg,
levels by using the temperature gradient method. The
composition-spread sample contained a region with the right
ratio (Cy/Cgs=2) to satisfy theoretical prediction gftype
conduction in ZnO.
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