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(57) ABSTRACT 

A manufacture method for Zinc oxide (ZnO) based semi 
conductor crystal includes providing a substrate having a Zn 
polarity plane; and reacting at least Zinc (Zn) and oxygen (0) 
on the Zn polarity plane of said substrate to groW ZnO based 
semiconductor crystal on the Zn polarity plane of said 
substrate in a Zn rich condition. (a) An n-type ZnO buifer 
layer is formed on a Zn polarity plane of a substrate. (b) An 
n-type ZnO layer is formed on the surface of the n-type ZnO 
buifer layer. (0) An n-type ZnMgO layer is formed on the 
surface of the n-type ZnO layer. (d) A ZnO/ZnMgO quantum 
Well layer is formed on the surface of the n-type ZnMgO 
layer, by alternately laminating a ZnO layer and a ZnMgO 
layer.[|@(e) A p-type ZnMgO layer is formed on the surface 
of the ZnO/ZnMgO quantum Well layer. (f) A p-type ZnO 
layer is formed on the surface of the p-type ZnMgO layer. 
[|@(g) An electrode is formed on the n-type ZnO layer and 
p-type ZnO layer. The n-type ZnO layer is formed under a 
Zn rich condition at the step (b). 
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Fig. 1B 
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MANUFACTURE METHOD FOR ZNO BASED 
SEMICONDUCTOR CRYSTAL AND LIGHT 

EMITTING DEVICE USING SAME 

CROSS REFERENCE TO RELATED 
APPLICATION 

[0001] This application is based on and claims priority of 
Japanese Patent Application No. 2005-317973 ?led on Nov. 
1, 2005, the entire contents of Which are incorporated herein 
by reference. 

BACKGROUND OF THE INVENTION 

[0002] A) Field of the Invention 

[0003] The present invention relates to ZnO semiconduc 
tor and ZnO based compound semiconductor and further 
relates to a ZnO based light emitting device. 

[0004] B) Description of the Related Art 

[0005] Zinc oxide (ZnO) is direct transition type semicon 
ductor having a band gap of 3.37 eV at a room temperature. 
Since a binding energy of exciton is as large as 60 meV, ZnO 
is expected as the material of a high ef?ciency light emitting 
device. 

[0006] A high quality ZnO thin ?lm can be formed on a 
ZnO substrate by epitaxial groWth While preventing lattice 
mismatch. A ZnO substrate is formed by cutting a bulk 
crystal groWn by, for example, hydrothermal synthesis. 

[0007] A high quality ZnO thin ?lm can be formed by 
molecular beam epitaxy (MBE). For example, ZnO is groWn 
on a substrate by radiating, in an electrodeless discharge 
tube, an oxygen radical beam and a Zinc (Zn) beam from a 
Knudsen cell (K cell) at the same time by using a radio 
frequency of 13.56 MHZ to the substrate that has been 
heated to a groWth temperature. 

[0008] An epitaxial ?lm of ZnO can be formed by setting 
the groWth temperature Tg and ?ux ratios in a desired 
manner. A ?ux intensity of Zn is represented by JZD, and a 
?ux intensity of 0 radical is represented by JO. A coef?cient 
(Zn sticking coef?cient) indicating a bonding feasibility of 
Zn to an O terminated plane of ZnO crystal is represented by 
kZn, and a coef?cient (O sticking coef?cient) indicating a 
bonding feasibility of O to a Zn terminated plane of ZnO 
crystal is represented by k0. In this case, a product of the Zn 
sticking coe?icient kZn and Zn ?ux intensity JZD, kZD-JZD, 
corresponds to the number of Zn atoms bonded in a unit area 
of a ZnO substrate per unit time. A product of the O sticking 
coef?cient kO and O ?ux intensity JO, kO_JO, corresponds to 
the number of O atoms bonded in a unit area of a ZnO 
substrate per unit time. The condition satisfying that the 
product kZn~JZn is equal to the product k0]O is called a 
stoichiometry condition. 

[0009] A ?ux ratio is de?ned by kO~JO/kZn-JZn (a ratio of 
a product of the O sticking coef?cient and O ?ux intensity 
to a product of the Zn sticking coe?icient and Zn ?ux 
intensity). 

[0010] In a ZnO thin ?lm forming process, kO~JO/ 
kZn~J Zn>1, i.e., the ?ux ratio being larger than the ?ux ratio 
of the stoichiometry condition, is called an O rich condition 
(?lm forming condition realiZing O rich). kO~JO/kZn~JZn<l, 
i.e., the ?ux ratio being smaller than the ?ux ratio of the 
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stoichiometry condition, is called a Zn rich condition (?lm 
forming condition realiZing Zn rich). 

[0011] A relation betWeen the Zn ?ux intensity and the 
ZnO ?lm groWth rate on a Zn polarity plane (+c plane) is 
knoWn. See “High-quality ZnO epilayers groWn on Zn-face 
ZnO substrates by plasma-assisted molecular beam epitaxy” 
by Hiroyuki Kato, Michihiro Sano, KaZuhiro Miyamoto, 
and Takafumi Yao, Journal of Crystal GroWth 265 (2004); 
pp. 375-381), Which is hereby incorporated by reference in 
its entirety. 

[0012] The groWth rate of a ZnO ?lm can be calculated by 
the folloWing equation (1): 

G=[(kZn-JZn)T+(kO-JO)Tl]Tl_RZnO (1) 
Where RZnO is a re-evaporation rate of ZnO. RZnO can be 
neglected at a groWth temperature of 8000 C. or loWer. 

[0013] The above-mentioned document reports the forma 
tion of ZnO ?lms With various ?ax ratios, and found that 
re?ection high energy electron diffraction (RHEED) images 
exhibit streak patterns only When ZnO ?lms are formed 
under the extreme O rich condition (?ux ratio of 5.6). It also 
reports that a ?at surface pro?le (surface roughness of 2.9 
nm) Was obtained When measured by atomic force micros 
copy (AFM). It is also con?rmed from these results that a 
ZnO thin ?lm groWs tWo-dimensionally. 

[0014] In forming an n-type ZnO thin ?lm to be used for 
a light emitting device, Ga, Al, In and the like are used as 
n-type impurities. 

SUMMARY OF THE INVENTION 

[0015] An object of the present invention is to provide a 
manufacture method for ZnO crystal or ZnO based com 
pound semiconductor crystal having a high activation ratio. 

[0016] Another object of the present invention is to pro 
vide a manufacture method for a ZnO based light emitting 
device Which contains ZnO crystal or ZnO based compound 
semiconductor crystal having a high activation ratio. 

[0017] Still another object of the present invention is to 
provide an improved ZnO based semiconductor substrate 
and an improved ZnO based light emitting device. 

[0018] According to one aspect of the present invention, 
there is provided a manufacture method for Zinc oxide 
(ZnO) based semiconductor crystal, including providing a 
substrate having a Zn polarity plane; and reacting at least 
Zinc (Zn) and oxygen (O) on the Zn polarity plane of said 
substrate to groW ZnO based semiconductor crystal on the 
Zn polarity plane of said substrate in a Zn rich condition. 

[0019] According to another aspect of the present inven 
tion, there is provided a manufacture method for a ZnO 
based light emitting device, including (a) forming an n-type 
ZnO buffer layer on a Zn polarity plane of a substrate; (b) 
forming an n-type ZnO layer over said n-type ZnO buffer 
layer; (c) forming an n-type ZnMgO layer over said n-type 
ZnO layer; (d) forming a ZnO/ZnMgO quantum Well layer 
over said n-type ZnMgO layer, said ZnO/ZnMgO quantum 
Well layer being formed by alternately laminating a ZnO 
layer and a ZnMgO layer; (e) forming a p-type ZnMgO layer 
over said ZnO/ZnMgO quantum Well layer; and (f) forming 
a p-type ZnO layer over said p-type ZnMgO layer, Wherein 
said n-type ZnO layer is formed in a Zn rich condition in said 
step (b). 
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[0020] In another aspect, the present invention provides a 
ZnO based semiconductor substrate, including a substrate; 
and a ZnO based semiconductor ?lm over the substrate, the 
ZnO based semiconductor ?lm being doped With impurities 
at a concentration ranging from about 5.0><l0l7 cm'3 to 
about 7.0><l0l9 cm_3, the ZnO based semiconductor ?lm 
having an activation ratio of the impurities of about 0.5 or 
higher. 

[0021] In another aspect, the present invention provides a 
ZnO based light emitting device, including a plurality of 
n-side ZnO layers; and at least one p-type ZnO layer 
electrically connected to one or more of the plurality of 
n-type ZnO layers, Wherein at least one of the plurality of 
n-side ZnO layers includes a ZnO based semiconductor ?lm 
doped With impurities at a concentration ranging from about 
5.0><l0l7 cm-3 to about 7.0><l0l9 cm_3, the ZnO based 
semiconductor ?lm having an activation ratio of the impu 
rities of about 0.5 or higher. 

[0022] According to the present invention, it is possible to 
manufacture improved ZnO based semiconductor crystal 
(ZnO crystal and ZnO based compound semiconductor 
crystal) as Well as an improved ZnO based semiconductor 
substrate and light emitting devices using the same. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0023] FIG. 1A is a graph shoWing the relation betWeen a 
groWth temperature Tg and a groWth rate G of a ZnO ?lm 
groWn on a Zn polarity plane (+c plane) of a ZnO substrate 
and a ZnO ?lm groWn on an 0 polarity plane (—c plane) of 
a ZnO substrate, and FIGS. 1B to 1D shoW RHEED images 
of ZnO ?lms formed under the conditions plotted at 1B to 
1D shoWn in FIG. 1A. 

[0024] FIG. 2 is a graph shoWing the relation betWeen a 
groWth temperature Tg (the temperature set to a substrate 
heater) and a substantial groWth temperature (substrate 
surface temperature) Tgo. 

[0025] FIG. 3 is a graph shoWing the relation betWeen a 
substantial groWth temperature (substrate surface tempera 
ture) Tgo and a ZnO re-evaporation rate RZDO. 

[0026] FIG. 4 is a graph shoWing the relation betWeen a 
Ga concentration and a carrier (n) concentration in a ZnO 
?lm (doped With Ga impurities) epitaxially groWn on a Zn 
polarity plane of a ZnO substrate. 

[0027] FIG. 5 is a schematic diagram of a manufacture 
system for manufacturing ZnO based compound semicon 
ductor crystal using MBE, the manufacture system being 
used With a manufacture method for ZnO based compound 
semiconductor crystal according to an embodiment. 

[0028] FIGS. 6A to 6D are schematic cross sectional 
vieWs illustrating a manufacture method for ZnO based 
compound semiconductor crystal. 

[0029] FIG. 7 is a graph shoWing the relation betWeen a 
Ga concentration and a carrier (n) concentration in a ZnO 
?lm (doped With Ga impurities) epitaxially groWn on a Zn 
polarity plane of a ZnO substrate. 

[0030] FIG. 8 is a diagram shoWing measurement results 
of X-ray double crystal rocking curves of ZnO ?lms (doped 
With Ga impurities) groWn at 4500 C. and 700° C. 
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[0031] FIG. 9 is a diagram shoWing the results of photo 
luminescence of ZnO ?lms (doped With Ga impurities at a 
concentration of 5><l0l8 cm_3) groWn on the Zn polarity 
plane at 4500 C. and 7000 C. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0032] FIG. 7 is a graph shoWing the relation betWeen a 
Ga concentration and a carrier (n) concentration in a ZnO 
?lm (doped With Ga impurities) epitaxially groWn on a Zn 
polarity plane of a ZnO substrate. 

[0033] ZnO ?lms having a high ?atness Were tWo-dimen 
sionally groWn under an extreme O rich condition that Were 
realiZed by setting an O ?ux intensity JO to l.0><l0l5 
atoms/cm2~s and a Zn ?ux intensity JZn to 2.0><l0l4 atoms/ 
cm2~s. 

[0034] The abscissa of the graph represents a Ga concen 
tration in ZnO ?lms in the unit of “cm_3”, and the ordinate 
represents a carrier concentration in the unit of “cm_3”. Both 
axes are in the logarithmic scale. The Ga concentration and 
carrier concentration Were measured by secondary ion mass 
spectrometry (SIMS) and Hall effects, respectively. 

[0035] The lines interconnecting White squares (the con 
necting lines “a”) indicate the relation betWeen a Ga con 
centration and a carrier concentration in ZnO ?lms groWn at 
a temperature of 7000 C., and the lines interconnecting White 
circles (the connecting lines “b”) indicates the relation 
betWeen a Ga concentration and a carrier concentration in 
ZnO ?lms groWn at a temperature of 4500 C. 

[0036] A broken line shoWn in FIG. 7 indicates an acti 
vation ratio of “l”. The activation ratio is de?ned by (the 
carrier concentration)/ (the Ga concentration) and is an index 
representing hoW much Ga impurities actually contribute to 
generation of carriers. 

[0037] Referring to the lines “a,” in the ZnO ?lm groWn at 
7000 C., the carrier concentration does not increase at the 
same rate as the Ga concentration increases. Speci?cally, 
When the Ga concentration is l.25><l0l8 cm_3, the carrier 
concentration is 4.5><l0l7 cm'3 (activation ratio of 0.36), 
Whereas When the Ga concentration is l.0><l0l9 cm_3, the 
carrier concentration is 6.0><l0l7 cm'3 (activation ratio of 
0.06). As understood from a gentler slope of the lines “a” 
than that of the broken line at the activation ratio of “l”, the 
activation ratio of the ZnO ?lm groWn at 7000 C. decrease 
as the Ga concentration increases. This may be due to the 
fact that some of Ga elements doped in the ZnO ?lm groWn 
at 7000 C. do not function as carrier suppliers because of 
oxidation of Ga. 

[0038] Referring to the lines “b,” in the ZnO ?lm groWn 
at 450°, the carrier concentration increases at approximately 
the same rate as the Ga concentration increases, and there 
fore the slope of the lines “b” is approximately equal to that 
of the broken line at the activation ratio of “l”. The 
activation ratio of the ZnO ?lm groWn at 4500 C. loWers 
slightly in the range represented by the lines “b” (speci? 
cally, it decreases slightly from 0.41 to 0.34). This may be 
ascribed to the fact that Ga oxidation is suppressed because 
of the loWer groWth temperature of 4500 C. HoWever, even 
if the ZnO ?lm is groWn at 4500 C., the activation ratio does 
not approach “1” as the Ga concentration increases. 
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[0039] FIG. 8 is a diagram showing measurement results 
of X-ray double crystal rocking curves of ZnO ?lms (doped 
With Ga impurities) grown at 450° C. and 700° C. The 
(0002) plane and (10-10) plane Were used as the measure 
ment subject planes, and the measurement results of a 
full-Width at half-maximum (FWHM) Were indicated in the 
unit of “arcsec”. 

[0040] The ZnO ?lms grown at 450° C. and 700° C. have 
FWHM values of “262” and “42’ at the (0002) plane, 
respectively, and FWHM values of “100” and “46” at the 
(10-10) plane, respectively. Therefore, it Was found that at 
both the planes, the ZnO ?lm groWn at 450° C. has a broader 
FWHM value and cannot realiZe as high a crystallinity as 
that of the ZnO ?lm groWn at 700° C. 

[0041] FIG. 9 is a diagram shoWing the results of photo 
luminescence measurement on ZnO ?lms (doped With Ga 
impurities at a concentration of 5><10l8 cm_3) groWn on the 
Zn polarity plane at 450° C. and at 700° C., respectively. The 
photoluminescence measurement temperature Was set to 4.2 
K. 

[0042] The abscissa represents a photon energy in the unit 
of “eV”, and the ordinate represents a photoluminescence 
intensity in an “arbitrary unit (a.u.)”. The curve “c” indicates 
the relation betWeen the photon energy and photolumines 
cence intensity for the ZnO ?lm groWn at 700° C., and the 
curve “d” indicates the relation betWeen these quantities for 
the ZnO ?lm groWn at 450° C. 

[0043] The carrier concentration of the ZnO ?lm groWn at 
450° C. Was 2><10l8 cm-3 and that of the ZnO ?lm groWn at 
700° C. Was 9><10l7 cm_3. 

[0044] A peak at DOX in the graph is formed by emission 
from excitons bound to neutral donors. Peaks at DoX-l L0 
and DOX-2LO result from the peak at DOX. As compared to 
the ZnO ?lm groWn at 700° C., the ZnO ?lm groWn at 450° 
C. has a loWer photoluminescence intensity at DOX although 
it has a higher carrier concentration. This may be because 
many nonradiative recombination centers exist. Namely, it 
Was con?rmed that the ZnO ?lm groWn at 450° C. has a 
crystallinity inferior to that of the ZnO ?lm groWn at 700° 
C. This is coincident With the measurement results of the 
X-ray double rocking curves shoWn in FIG. 8. 

[0045] As described With reference to FIGS. 7 to 9 above, 
the ZnO ?lm groWn at 700° C. under the 0 rich condition has 
a relatively good crystallinity, hoWever, it has a loW activa 
tion ratio. On the other hand, the ZnO ?lm groWn at 450° C. 
has a relatively high activation ratio, hoWever, it’s crystal 
linity is not as good as that of ZnO ?lm groWn at 700° C. 

[0046] FIG. 1A is a graph shoWing the relation betWeen a 
groWth temperature Tg and a groWth rate G of a ZnO ?lm 
groWn on a Zn polarity plane (+c plane) of a ZnO substrate 
and a ZnO ?lm groWn on an 0 polarity plane (—c plane) of 
a ZnO substrate. FIGS. IE to 1D shoW RHEED images of 
ZnO ?lms formed under the conditions plotted at IE to 1D 
shoWn in FIG. 1A, respectively. 

[0047] Referring to FIG. 1A, the abscissa of the graph 
represents a groWth temperature in the unit of “° C.”, and the 
ordinate represents a groWth rate in the unit of “nm/h”. ZnO 
?lms Were formed at an 0 ?ux intensity JO of 1.0><10l5 
atoms/cm2 s and at a Zn ?ux intensity 12B of 2.0><10l5 
atoms/cm2 S. 
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[0048] The relation betWeen the groWth temperature Tg 
and groWth rate G of ZnO ?lms formed on the Zn polarity 
plane Was plotted by White circles, and the relation of ZnO 
?lms formed on the 0 polarity plane Was plotted by White 
squares. 

[0049] ZnO ?lms groW on the Zn polarity plane generally 
at a constant rate (about 560 nm/h) in the range shoWn in the 
graph (up to about 1000° C. of the groWth temperature Tg). 
On the other hand, ZnO ?lms groW on the O polarity plane 
at a reduced groWth rate as the groWth temperature Tg 
increases. As We Will see beloW, the ZnO re-evaporation rate 
RZDO in the groWth rate equation (1) is negligibly small on 
both planes in this temperature range. Therefore, this result 
indicates that the Zn sticking coef?cient is generally con 
stant on the Zn polarity plane, but the Zn sticking coef?cient 
on the O polarity plane decreases as the groWth temperature 
increases, in the range up to about 1000° C. of the groWth 
temperature Tg. (k0 is considered to be constant (=1) on 
both planes.) 

[0050] FIG. 1B shoWs a RHEED image of a ZnO ?lm 
groWn under the condition plotted at 1B in FIG. 1A (at a 
groWth temperature Tg of 800° C.). This RHEED image 
forms a spot pattern. It can be understood from this pattern 
that the ZnO ?lm groWs three-dimensionally. 

[0051] FIG. 1C shoWs a RHEED image of a ZnO ?lm 
groWn under the condition plotted at 1C in FIG. 1A (at a 
groWth temperature Tg of 850° C.). This RHEED image 
forms a streak pattern. It can be understood from this pattern 
that the ZnO ?lm groWs tWo-dimensionally. As compared to 
a ZnO ?lm groWn three-dimensionally, a ZnO ?lm groWn 
tWo-dimensionally has a better ?atness. 

[0052] FIG. 1D shoWs a RHEED image of a ZnO ?lm 
groWn under the condition plotted at 1D in FIG. 1A (at a 
groWth temperature Tg of 1000° C.). Similar to the image 
shoWn in FIG. 1C, this RHEED image forms a streak 
pattern. It can be understood from this pattern that the ZnO 
?lm groWs tWo-dimensionally even at the groWth tempera 
ture Tg of 1000° C. 

[0053] It can be con?rmed from the RHEED images 
shoWn in FIGS. 1C and ID that a ZnO ?lm groWs tWo 
dimensionally at the groWth temperature Tg of about 850° C. 
or higher. 

[0054] A groWth temperature is subjected to correction to 
a substantial groWth temperature. As described above, the 
groWth temperature Tg is a temperature set to a substrate 
heater. A substantial groWth temperature (substrate surface 
temperature) Tgo is obtained from the groWth temperature 
Tg. 

[0055] FIG. 2 is a graph shoWing the relation betWeen a 
groWth temperature (temperature set to a substrate heater) 
Tg and a substantial groWth temperature (substrate surface 
temperature) Tgo. 

[0056] The abscissa of the graph represents a groWth 
temperature (temperature set to a substrate heater) Tg and 
the ordinate represents a substantial groWth temperature 
(substrate surface temperature) Tgo, respectively in the unit 
of “° C.”. The substantial groWth temperature Tgo Was 
measured With a pyrometer. 

[0057] The groWth temperature (temperature set to a sub 
strate heater) Tg is not proportional to the substantial groWth 
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temperature (substrate surface temperature) Tgo, but as the 
growth temperature (temperature set to a substrate heater) 
Tg increases, the rate of the corresponding increase in the 
substantial growth temperature (substrate surface tempera 
ture) Tgo decreases. It can be seen from the graph that the 
substantial groWth temperature (substrate surface tempera 
ture) Tgo is 7400 C. at the groWth temperature (temperature 
set to a substrate heater) Tg of 8500 C. Thus, it can be 
understood that a ZnO ?lm is groWn tWo-dimensionally at 
the substantial groWth temperature (substrate surface tem 
perature) Tgo of about 7400 C. or higher. 

[0058] FIG. 3 is a graph shoWing the relation betWeen a 
substantial groWth temperature (substrate surface tempera 
ture) Tgo and a ZnO re-evaporation rate RZDO. 

[0059] The curve “e” indicates the relation betWeen a 
substantial groWth temperature (substrate surface tempera 
ture) Tgo and a ZnO re-evaporation rate RZDO When a ZnO 
?lm is groWn on the Zn polarity plane of a ZnO substrate, 
and the curve “f” indicates the same relation When a ZnO 
?lm is groWn on the O polarity plane of a ZnO substrate. 

[0060] The abscissa of the graph represents the substantial 
groWth temperature (substrate surface temperature) Tgo in 
the unit of “° C.”, and the ordinate represents the ZnO 
re-evaporation rate RZDO in the unit of “nm/h”. The abscissa 
is in the linear scale and the ordinate is in the logarithmic 
scale. 

[0061] The equation (1) for the groWth rate of a ZnO ?lm, 
Which is presented in the preceding section, is reproduced 
beloW. 

G=[(kZn'JZrJTl+(kO'JO)Tl]Tl_RZnO (1) 
[0062] In the equation (1), if the re-evaporation rate of 
ZnO is larger than the groWth rate of ZnO, a ZnO ?lm is not 
formed. 

[0063] As described With reference to FIG. 1A, a ZnO ?lm 
groWs on the Zn polarity plane generally at a constant 
groWth rate (about 560 nm/h) at least up to about 10000 C. 
of the groWth temperature Tg, irrespective of the groWth 
temperature Tg. 

[0064] As discussed above, RZDO is negligibly small in this 
temperature range. As shoWn in FIG. 3, beyond this tem 
perature range, RZDO increasingly becomes large. In order to 
alloW a ZnO ?lm to be groWn at a higher temperature, the 
ZnO re-evaporation rate RZDO must be equal to the ZnO 
groWth rate (560 nm/h) or smaller. 

[0065] Referring to FIG. 3, RZnO§560 nm/h corresponds 
to the substantial groWth temperature (substrate surface 
temperature)§about 980° C. Referring to FIG. 2, the sub 
stantial groWth temperature (substrate surface tempera 
ture)§980o C. corresponds to the groWth temperature (tem 
perature set to a substrate heater) Tgé 12500 C. 

[0066] The temperature range in Which a ZnO ?lm can be 
groWn tWo-dimensionally can therefore be determined by 
the folloWing formula (2) or (3): 

about 850° CéTgéabout 1250° C. (2) 

about 740° CéTgoéabout 980° C. (3) 

[0067] In order to groW a ZnO ?lm at a sufficiently high 
rate, the condition of Rznoé 50 nm/h is preferably intro 
duced. As seen from FIG. 3, the condition of Rznoé 50 nm/h 
corresponds to the substantial groWth temperature (substrate 
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surface temperature) Tgéabout 9000 C. According to FIG. 
2, the substantial groWth temperature (substrate surface 
temperature) Tg§900o C. corresponds to the groWth tem 
perature (temperature set to a substrate heater) Tgé 11000 C. 

[0068] Therefore, a more preferable temperature range in 
Which a ZnO ?lm can be groWn tWo-dimensionally is given 
by the folloWing formula (4) or (5), by taking a groWth rate 
into consideration: 

about 850° CéTgéabout ll00° C. (4) 

about 740° CéTgoéabout 900° C. (5) 

[0069] In the temperature range of the formula (4) or (5), 
a ZnO ?lm can be groWn tWo-dimensionally Without loW 
ering the groWth rate. 

[0070] The present inventors have found that the activa 
tion ratio can be improved by groWing an epitaxial ?lm of 
ZnO having n-type characteristics in the temperature range 
of the formula (4) or (5) and under the Zn rich condition. 

[0071] FIG. 4 is a graph shoWing the relation betWeen a 
Ga concentration and a carrier (n) concentration in a ZnO 
?lm (doped With Ga impurities) epitaxially groWn on a Zn 
polarity plane of a ZnO substrate. 

[0072] The abscissa of the graph represents a Ga concen 
tration in ZnO ?lms in the unit of “cm-3”, and the ordinate 
represents a carrier concentration in the unit of “cm_3”. Both 
axes are in the logarithmic scale. The Ga concentration and 
carrier concentration Were measured by SIMS and Hall 
elfects, respectively. 

[0073] ZnO ?lms Were groWn at a substantial groWth 
temperature (substrate surface temperature) Tgo of 785° C. 
Which corresponds to a groWth temperature (temperature set 
to a substrate heater) Tg of 9000 C. ZnO ?lms Were groWn 
under various Zn rich and 0 rich conditions, and the relation 
betWeen the Ga concentration and the carrier concentration 
of each ZnO ?lm Was analyZed. 

[0074] In this graph, a straight line interconnecting White 
triangles indicates the relation betWeen the Ga concentration 
and carrier concentration in ZnO ?lms groWn at a ?ux ratio 
of 0.28, Which is a Zn rich condition. A straight line 
interconnecting White squares indicates the relation betWeen 
these tWo quantities in ZnO ?lms groWn at a ?ux ratio of 
0.35, Which is a Zn rich condition. A straight line intercon 
necting White circles indicates the relation betWeen these 
tWo quantities in ZnO ?lms groWn at a ?ux ratio of 5.0, 
Which is an 0 rich condition. 

[0075] The Zn rich condition at the ?ux ratio of 0.28 Was 
realiZed at an O ?ux intensity JO of 5.5><l0l4 atoms/cm2~s 
and a Zn ?ux intensity 12B of 2.0><l0l5 atoms/cm2~s (3.64 
times the Zn rich condition). The Zn rich condition at the 
?ux ratio of 0.35 Was realiZed at an O ?ux intensity JO of 
70x10 atoms/cm2~s and a Zn ?ux intensity JZn of2.0><l0l5 
atoms/cm2~S (2.86 times the Zn rich condition). The 0 rich 
condition at the ?ux ratio of 5.0 Was realiZed at an O ?ux 
intensity JO of l.0><l0l5 atoms/cm2~s and a Zn ?ux intensity 
12B of 2.0><l0l4 atoms/cm2-s. Note that at Tgo=785o C., the 
condition kO=kZn=l is satis?ed for epitaxial groWth on the 
Zn polarity plane. 

[0076] A broken line shoWn in FIG. 4 indicates an acti 
vation ratio of “l”. The activation ratio is de?ned by (the 
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carrier concentration)/ (the Ga concentration) and is an index 
representing hoW much of doped Ga actually contributes to 
generation of carriers. 

[0077] Referring to FIG. 4, the activation ratio of ZnO 
?lms formed under the 0 rich condition is loW. The carrier 
concentration does not increase as fast as the Ga concen 

tration as the Ga concentration increases. Therefore, as the 
Ga concentration increases, the activation ratio decreases. 
The activation ratio in the range shoWn in FIG. 4 is 0.04 to 
0.29. 

[0078] This result can be explained as folloWs. Ga doped 
in the ZnO ?lm is oxidized and does not function as the 
carrier supplier at a high substantial groWth temperature 
(substrate surface temperature) Tgo of 7850 C. (correspond 
ing to a high groWth temperature (temperature set to a 
substrate heater) Tg of 900° C.). 

[0079] In contrast, the activation ratios of ZnO ?lms 
formed under the Zn rich condition are higher. For example, 
the ZnO ?lm formed under the Zn rich at the ?ux ratio of 
0.28 has an activation ratio of nearly “1” at the Ga concen 
tration of about 5.0><l0l7 cm'3 or higher and about 7.0><l0l9 
cm-3 or loWer. 

[0080] The present inventors also have discovered that at 
least When the Ga concentration is Within a range from about 
5.0><l0l7 cm'3 to about 7.0><l0l9 cm_3, a ZnO ?lm having an 
activation ratio of 0.5 or higher can be formed by groWing 
the ZnO ?lm in the temperature range of the formula (4) or 
(5) under a Zn rich condition (Which includes, but not 
limited to 2.86 times or 3.64 times the Zn rich condition). It 
has also been found that the ZnO ?lms groWn in the 
above-described Ga concentration range have a good crys 
tallinity and a good DOX optical emission intensity. 

[0081] In order to groW a ZnO ?lm of good quality, it is 
preferable to groW the ZnO ?lm under an Zn rich condition 
(i.e., the ?ux ratio of l or smaller), and more preferably, 
under an Zn rich condition of the ?ux ratio being about 0.35 
or smaller. This more preferable range of the ?ux ratio is 
derived by the folloWing observation. As shoWn in FIG. 4, 
at a Ga concentration of about 5.0><l0l8 cm'3 , the activation 
ratio is 0.28 for the 0 rich condition of the ?ux ratio being 
5.0, the activation ratio is 0.50 for the Zn rich condition of 
the ?ux ratio being 0.35, and the activation ratio is 0.94 for 
the Zn rich condition of the ?ux ratio being 0.28. Therefore, 
based on these examples, if We set a desired activation ratio 
to 0.5 or larger, then, the ?ux ratio should be about 0.35 or 
smaller. 

[0082] The reason Why the activation ratio is loW under 
the 0 rich condition may be due to the phenomenon that 
GaZO3 or ZnGa2O4 is formed by oxidation of Ga and 
replacement to Zn sites of ZnO With Ga is not e?fected. It is 
considered that the Zn rich condition reduces generation of 
Ga2O3 or ZnGa2O4 and realiZes a high activation ratio. 

[0083] An epitaxial ?lm having a good ?atness can be 
formed by forming a ZnO ?lm in the temperature range of 
the formula (4) or (5). Since the ZnO ?lm can be groWn at 
a fast groWth rate by adopting the Zn rich condition, the ZnO 
?lm can be formed in a short time and at a loW cost. 

[0084] The present inventors contemplates that similar 
results are obtained if Al or In is used in place of Ga as 
n-type impurities for ZnO crystal. 
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[0085] Instead of ZnO crystal, n-type ZnO based com 
pound semiconductor crystal may be groWn, such as 
ZnMgO, ZnCdO and ZnSeO. ZnO based compound semi 
conductor crystal is represented by Znl(X+y+Z)MgXBeyCd 
ZO1_(O,+|5+Y)SO,Se|5TeY (x+y+z§0.5, 0t+[3+y§0.5) (mixed 
crystal containing ZnO as a base, Mg, Be and Cd are located 
at Zn sites and S, Se and Te are located at 0 sites). In this 
applications, the term “ZnO based semiconductor” and 
“ZnO based semiconductor crystal” is broadly construed to 
include ZnO semiconductor and ZnO semiconductor crystal, 
respectively, as Well as ZnO based compound semiconduc 
tor and ZnO based compound semiconductor crystal, respec 
tively. 

[0086] ZnO crystal and ZnO based compound semicon 
ductor crystal may be groWn not only on a ZnO substrate, 
but also on a single crystal substrate (sapphire substrate, 
GaN template, SiC substrate or the like) capable of groWing 
ZnO based compound semiconductor crystal having the Zn 
polarity plane. 

[0087] The present invention can be applied not only to an 
n-type ZnO ?lm, but also to a p-type ZnO ?lm. 

[0088] Next, description Will be made on a manufacture 
method for a ZnO based light emitting device having a ZnO 
?lm doped With Ga and formed on the Zn polarity plane. 

[0089] FIG. 5 is a schematic diagram shoWing a manu 
facture system for manufacturing ZnO based compound 
semiconductor crystal using MBE according to an embodi 
ment. The ZnO based compound semiconductor crystal is 
used for the manufacture of a ZnO based light emitting 
device. By using the ZnO based compound semiconductor 
crystal manufacture system, n-type ZnO based compound 
semiconductor crystal can be groWn tWo-dimensionally 
Without loWering the groWth rate, Which crystal has an 
activation ratio of 0.5 or higher and has a Ga concentration 
ranging from 5.0><l0l7 cm3 or higher to 7.0><l0l9 cm-3 or 
loWer. 

[0090] Referring to FIG. 5, in this example, a stage 7 is 
mounted in an ultra high vacuum chamber 1, and a single 
crystal substrate 8 is placed on the stage 7. The ultra high 
vacuum chamber 1 is equipped With a Zinc source gun 4 for 
radiating a Zinc beam from a K cell; an oxygen source gun 
5 for radiating an oxygen radical beam formed by making 
radical of an oxygen gas; a gallium source gun 6 for 
irradiating a gallium beam from a K cell; a nitrogen source 
gun 9 for radiating a nitrogen radical beam formed by 
making radical of a nitrogen gas; and a magnesium source 
gun 10 for radiating a magnesium beam from a K cell. The 
beams from these source guns can be radiated at the same 
time to the single crystal substrate 8 to form ZnO crystal or 
ZnO based compound crystal on the single crystal substrate 
8. 

[0091] The ultra high vacuum chamber 1 is also equipped 
With a RHEED gun 2 and a RHEED screen 3. Electrons 
radiated from the RHEED gun 2 are di?fracted by ZnO 
crystal formed on the single crystal substrate 8 and enter the 
RHEED screen 7. ZnO crystal formed on the single crystal 
substrate 8 can be observed on the RHEED screen. 

[0092] The source gas for the nitrogen radical beam to be 
radiated from the nitrogen source gun 9 may be, for 
example, nitrogen dioxide (N02), nitrous oxygen (N 20) or 
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the like. Alternatively, ammonium (NH3) may be subject to 
cracking to generate the nitrogen radical beam from the 
nitrogen source gun 9. 

[0093] FIGS. 6A to 6D are schematic cross sectional 
vieWs illustrating a manufacture method for ZnO based light 
emitting device according to an embodiment of the present 
invention. 

[0094] Referring to FIG. 6A, a ZnO substrate 11 is ?rst 
prepared. The prepared ZnO substrate 11 is subject to Wet 
etching for cleaning before being loaded to the ZnO based 
compound semiconductor crystal manufacture system of 
FIG. 5. Thereafter, the ZnO substrate 11 is placed on and 
held by the stage in the ZnO based compound semiconduc 
tor crystal manufacture system. The ZnO substrate 11 is then 
subject to thermal annealing at 800° C. to 900° C. to clean 
the substrate surface. Thereafter, by selectively radiating 
appropriate beams to the cleaned ZnO substrate 11, various 
?lms are formed by MBE in a vapor phase. 

[0095] First, an n-type ZnO buffer layer 12 is formed on 
the Zn polarity plane of the cleaned ZnO substrate 11. A 
thickness of the buffer layer is, for example, 100 angstrom 
to 300 angstrom, and the buffer layer is groWn at a groWth 
temperature of 300° C. to 500° C. 

[0096] Next, an n-type ZnO layer 13 doped With Ga is 
formed on the surface of the n-type ZnO buffer layer 12 by 
MBE under a Zn rich condition of the ?ux ratio of 0.35 or 
smaller, for example. A Ga concentration is set betWeen 
about 5.0><l0l7 cm-3 and about 7.0><l0l9 cm_3, for example. 
The n-type ZnO layer is groWn to a thickness of l to 2 um, 
at a groWth temperature (temperature set to a substrate 
heater) of 850° C. to 1100° C., Which corresponds to a 
substantial groWth temperature (substrate surface tempera 
ture) of 740° C. to 900° C. The n-type ZnO layer 13 has an 
activation ratio of about 0.5 or higher. 

[0097] Next, an n-type ZnMgO layer 14 is groWn on the 
surface of the n-type ZnO layer 13 to a thickness of 1000 
angstrom to 6000 angstrom at a groWth temperature loWer 
than that for the n-type ZnO layer 13. 

[0098] A ZnO/ZnMgO quantum Well layer 15 is formed 
on the surface of the n-type ZnMgO layer 14 at a groWth 
temperature of 500° C. to 900° C. Impurities are not doped. 
The ZnO/ZnMgO quantum Well layer 15 Will be later 
described in detail. 

[0099] A p-type ZnMgO layer 16 doped With nitrogen is 
formed on the surface of the ZnO/ZnMgO quantum Well 
layer 15 to a thickness of 1000 angstrom to 3000 angstrom 
at a groWth temperature of 500° C. to 1000° C. A nitrogen 
concentration is set to l><l0l8 cm'3 or higher. 

[0100] Lastly, a p-type ZnO layer 17 doped With nitrogen 
at a concentration of l><l0l9 cm'3 or higher is groWn on the 
surface of the p-type ZnMgO layer 16 to a thickness of 1000 
angstrom to 2000 angstrom at a groWth temperature of 500° 
C. to 1000° C. 

[0101] Referring to FIG. 6B, the ZnO/ZnMgO quantum 
Well layer 15 has a lamination structure of a barrier layer 15b 
of ZnMgO stacked on a Well layer 15w of ZnO. 

[0102] Referring to FIG. 6C, the ZnO/ZnMgO quantum 
Well layer 15 may be a multiple quantum Well layer having 
a plurality of the lamination structures of the Well layer 15w 
and barrier layer 15b. 
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[0103] Referring to FIG. 6D, after the layer (?lm) forming 
processes described above, electrodes are formed. The ZnO 
substrate 11 having a lamination of layers from the n-type 
ZnO buffer layer 12 to p-type ZnO layer 17 is unloaded from 
the ZnO based compound semiconductor crystal manufac 
ture system, and a resist ?lm, a protective ?lm or the like is 
formed to form an etching mask having a recess WindoW 
(n-type electrode forming portion) of a predetermined pat 
tern. Thereafter, the layers above the ZnO substrate is etched 
through the recess WindoW by Wet etching or reactive ion 
etching until the surface of the n-type ZnO layer 13 is 
exposed. An n-type electrode 19 is formed on the surface of 
the n-type ZnO layer 13. The n-type electrode may have a 
lamination structure of an aluminum layer of 3000 angstrom 
to 5000 angstrom in thickness formed on a titanium layer of 
20 angstrom to 100 angstrom in thickness. 

[0104] Next, the etching mask used for forming the n-type 
electrode 19 is removed. A p-type transparent electrode 18 
is formed on the surface of the p-type ZnO layer 17. The 
p-type transparent electrode may have a laminated structure 
of a nickel layer of 5 angstrom to 10 angstrom in thickness 
and a gold layer of 100 angstrom in thickness stacked on the 
nickel layer. 

[0105] A bonding electrode 20 made of gold having a 
thickness of, e.g., 5000 angstrom, is formed on the p-type 
transparent electrode 18. Thereafter, an electrode alloying 
process is executed in an oxygen atmosphere at a tempera 
ture of, e.g., 700° C. to 800° C. The alloying process time is 
3 minutes to 10 minutes, for example. A ZnO based light 
emitting device is therefore manufactured in the manner 
described above. 

[0106] The light emitting device may be used as a short 
Wavelength (Wavelength of ultraviolet to blue) light emitting 
diode (LED), a short Wavelength laser diode (LD), applica 
tion products of these diodes (e.g., indicators, LED displays 
and the like), a White color LED and its application products 
(e.g., illumination instruments, indicators, displays, back 
light illumination for display apparatus and the like). 

[0107] The present invention has been described in con 
nection With the preferred embodiments. The invention is 
not limited only to the above embodiments. For example, in 
the embodiment although the light emitting device is manu 
factured by groWing ZnO crystal, the light emitting device 
may be manufactured by groWing ZnO based compound 
semiconductor crystal. It Will be apparent to those skilled in 
the art that other various modi?cations, improvements, 
combinations, and the like can be made. 

What We claim are: 

1. A manufacture method for Zinc oxide (ZnO) based 
semiconductor crystal, comprising: 

providing a substrate having a Zn polarity plane; and 

reacting at least Zinc (Zn) and oxygen (0) on the Zn 
polarity plane of said substrate to groW ZnO based 
semiconductor crystal on the Zn polarity plane of said 
substrate in a Zn rich condition. 

2. The manufacture method according to claim 1, Wherein 
said Zn rich condition corresponds to a ?ux ratio of about 
0.35 or smaller, the ?ux ratio being de?ed as kO~JO/kZn~JZn, 
Where J Zn, is a ?ux intensity of Zn, JO is a ?ux intensity of 
O radical, kZn is a Zn sticking coef?cient indicating a 
bonding feasibility of Zn to an O terminated plane of ZnO 
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crystal, and k0 is an O sticking coe?icient indicating a 
bonding feasibility of O to a Zn terminated plane of ZnO 
crystal. 

3. The manufacture method according to claim 1, Wherein 
the step of reacting is performed While a temperature of a 
surface of said substrate is set betWeen about 7400 C. and 
about 900° C. 

4. The manufacture method according to claim 1, Wherein 
the step of reacting includes doping impurities of at least one 
of gallium (Ga), aluminum (Al) and indium (In) to the ZnO 
based semiconductor crystal at a concentration betWeen 
about 5.0><l0l7 cm-3 and about 7.0><l0l9 cm_3. 

5. The manufacture method according to claim 1, Wherein 
the step of reacting is performed by molecular beam epitaxy. 

6. The manufacture method according to claim 1, Wherein 
the ZnO based semiconductor crystal is a ZnO semiconduc 
tor crystal. 

7. The manufacture method according to claim 1, Wherein 
the ZnO based semiconductor crystal is a ZnO based com 
pound semiconductor crystal. 

8. A manufacture method for a ZnO based light emitting 
device, comprising: 

(a) forming an n-type ZnO buffer layer on a Zn polarity 
plane of a substrate; 

(b) forming an n-type ZnO layer over said n-type ZnO 
buffer layer; 

(c) forming an n-type ZnMgO layer over said n-type ZnO 
layer; 

(d) forming a ZnO/ZnMgO quantum Well layer over said 
n-type ZnMgO layer, said ZnO/ZnMgO quantum Well 
layer being formed by alternately laminating a ZnO 
layer and a ZnMgO layer; 

(e) forming a p-type ZnMgO layer over said ZnO/ZnMgO 
quantum Well layer; and 

(f) forming a p-type ZnO layer over said p-type ZnMgO 
layer, 

Wherein said n-type ZnO layer is formed in a Zn rich 
condition in said step (b). 

9. The manufacture method according to claim 8, Wherein 
said Zn rich condition corresponds to a ?ux ratio of about 
0.35 or smaller, the ?ux ratio being de?ed as kO~JO/kZn~JZn, 
Where JZD, is a ?ux intensity of Zn, I0 is a ?ux intensity of 
O radical, kZn is a Zn sticking coe?icient indicating a 
bonding feasibility of Zn to an O terminated plane of ZnO 
crystal, and k0 is an O sticking coe?icient indicating a 
bonding feasibility of O to a Zn terminated plane of ZnO 
crystal. 

10. The manufacture method according to claim 8, 
Wherein in said step (b), said n-type ZnO layer is formed 
While a temperature of said substrate is set betWeen about 
7400 C. and about 900° C. 

11. The manufacture method according to claim 8, 
Wherein step (b) includes doping impurities of at least one of 
gallium (Ga), aluminum (Al) and indium (In) to said n-type 
ZnO layer at a concentration betWeen about 5.0><l0l7 cm-3 
and about 7.0><l0l9 cm_3. 

12. The manufacture method according to claim 8, 
Wherein in said step (b), said n-type ZnO layer is formed by 
MBE. 
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13. The manufacture method according to claim 8, further 
comprising: 

(g) forming an electrode connected to said n-type ZnO 
layer; and 

(h) forming an electrode connected to said p-type ZnO 
layer. 

14. A ZnO based semiconductor substrate, comprising: 

a substrate; and 

a ZnO based semiconductor ?lm over the substrate, the 
ZnO based semiconductor ?lm being doped With impu 
rities at a concentration ranging from about 5.0><l0l7 
cm“3 to about 7.0><l0l9 cm_3, the ZnO based semicon 
ductor ?lm having an activation ratio of the impurities 
of about 0.5 or higher. 

15. The ZnO based semiconductor substrate according to 
claim 14, Wherein the ZnO based semiconductor ?lm 
includes ZnO crystal. 

16. The ZnO based semiconductor substrate according to 
claim 14, Wherein the ZnO based semiconductor ?lm 
includes ZnO based compound crystal. 

17. The ZnO based semiconductor substrate according to 
claim 14, Wherein the impurities include at least one of 
gallium (Ga), aluminum (Al) and indium (In). 

18. The ZnO based semiconductor substrate according to 
claim 17, Wherein the impurities include gallium (Ga). 

19. A ZnO based light emitting device, comprising: 

a plurality of n-side ZnO layers; and 

at least one p-type ZnO layer electrically connected to one 
or more of the plurality of n-type ZnO layers, 

Wherein at least one of the plurality of n-side ZnO layers 
includes a ZnO based semiconductor ?lm doped With 
impurities at a concentration ranging from about 5.0x 
1017 cm-3 to about 7.0><l0l9 cm_3, the ZnO based 
semiconductor ?lm having an activation ratio of the 
impurities of about 0.5 or higher. 

20. The ZnO based light emitting device according to 
claim 19, Wherein said plurality of n-side ZnO layers 
include: 

an n-type ZnO buffer layer on a Zn polarity plane of a 
substrate; 

an n-type ZnO layer over said n-type ZnO buffer layer; 

an n-type ZnMgO layer over said n-type ZnO layer; and 

a ZnO/ZnMgO quantum Well layer over said n-type 
ZnMgO layer, said ZnO/ZnMgO quantum Well layer 
including alternate lamination of a ZnO layer and a 
ZnMgO layer, 

Wherein the at least one p-type ZnO layer includes: 

a p-type ZnMgO layer over said ZnO/ZnMgO quantum 
Well layer; and 

a p-type ZnO layer over said p-type ZnMgO layer, and 

Wherein said n-type ZnO layer over said n-type ZnO 
buffer layer corresponds to said at least one of the 
plurality of n-side ZnO layers. 

21. The ZnO based light emitting device according to 
claim 19, Wherein said impurities include gallium (Ga). 

* * * * * 


