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(57) ABSTRACT 

A method for manufacturing a semiconductor device 
includes the steps of: (a) preparing a non-polar single crystal 
substrate; (b) epitaxially groWing an MgO layer on the 
non-polar single crystal substrate to a thickness of 3 nm or 
thicker to have rocksalt structure at a substrate temperature 
of 500° C. to 800° C.; (0) growing on the MgO layer a low 
temperature groWth layer made of ZnO group material at a 
substrate temperature of 500° C. or loWer; (d) annealing the 
loW temperature groWth layer above the substrate at a 
temperature of 700° C. or higher; and (e) epitaxially groWing 
a high temperature groWth layer of ZnO group material on 
the annealed loW temperature groWth layer at a temperature 
of 600° C. or higher. 
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FIG.3A 
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ZNO GROUP EPITAXIAL SEMICONDUCTOR 
DEVICE AND ITS MANUFACTURE 

CROSS REFERENCE TO RELATED 
APPLICATION 

[0001] This application is based on and claims priority of 
Japanese Patent Application No. 2004-001240 ?led on Jan. 
6, 2004, 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 a semiconductor 
device having a ZnO layer or a ZnO group material layer and 
its manufacture. The ZnO group material is a material Which 
contains one or more elements selected from a group con 

sisting of (Zn, Mg, Cd and Be) and one or more elements 
selected from a group consisting of (O, S, Se, and Te) and 
has the same crystal structure as that of ZnO. 

[0004] B) Description of the Related Art 

[0005] Zinc oxide (ZnO) is an attractive material for 
high-efficiency, ultraviolet laser diodes (LD), and light 
emitting diodes (LED), because it has a direct transition type 
energy gap of 3.37 eV at room temperature With a large 
excitonic binding energy of 60 meV. Optically pumped, 
excitonic lasing at room temperature from ZnO has been 
reported in Appl. Phys. Lett. 70 (1977) 2230. 

[0006] Conventionally, ZnO crystals are epitaxially groWn 
on a sapphire substrate by, for example, molecular beam 
epitaxy (MBE). There is a large in-plane lattice mismatch of 
about 18% betWeen ZnO and sapphire. It is therefore diffi 
cult to form an epitaxial layer having a good crystalline 
quality. 

[0007] Japanese Patent laid-open Publication No. 2001 
68485 (Which is noW Japanese Patent No. 3424814 and 
corresponds to US. Pat. No. 6,664,565 Which is incorpo 
rated herein by reference) proposed a crystal groWth method 
by Which a ZnO layer is ?rst groWn on a sapphire substrate 
at loWer temperature than the so-called epitaxial groWth 
temperature, this ZnO layer groWn at loW temperature is 
annealed at a higher temperature around the epitaxial groWth 
temperature, enabling recrystaliZation, and thereafter, a ZnO 
layer is epitaxially groWn at the high epitaxial groWth 
temperature. With this method, the crystal quality of a ZnO 
layer can be improved much more than When a ZnO layer is 
epitaxially groWn at a high temperature directly on a sap 
phire substrate. 

[0008] Since there is a large in-plane lattice mismatch of 
about 18% betWeen a c-plane sapphire substrate and ZnO to 
be formed thereon, tWo con?gurations of ZnO are possible 
on a c-plane of sapphire: one in Which [11-20] axes of 
sapphire and ZnO are aligned; and another in Which [1-100] 
axis of ZnO is aligned With [11-20] axis of sapphire. These 
tWo con?gurations are 30 degrees rotated on the c-plane of 
sapphire. Appl. Phys. Lett. 76 (2000) 559 and Jpn. J. Appl. 
Phys. 41 (2002) L1203 proposed to introduce an MgO buffer 
layer at the interface betWeen a sapphire substrate and a ZnO 
layer in order to eliminate the coexistence of 30°-rotated tWo 
con?gurations. 
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[0009] Japanese Patent Laid-open Publication No. 2003 
282602 (Which corresponds to US. Pat. No. 6,673,478 
Which is incorporated herein by reference) proposed to 
incline the surface of the uppermost underlying body, on 
Which crystal groWth is carried out, from the c-plane, to 
expose steps at an atomic level and groW a ZnO epitaxial 
layer having a good crystal quality. 

[0010] The c-planes perpendicular to the c-axis of ZnO 
include tWo polar planes, a Zn plane (+c) and an O plane 
(—c). When a ZnO group compound semiconductor thin ?lm 
is groWn on a sapphire substrate having (11-20) plane 
(a-plane) or (0001) plane (c-plane), this thin ?lm is generally 
groWn in a —c polarity (—c oriented direction, O plane). The 
O plane has poor crystalline characteristics With respect to 
the characteristics of semiconductor devices. 

[0011] For example, in order to form a p-type crystal, 
nitrogen (n) is required to be doped at least 1019 cm-3 to 
obtain good properties of devices, When an activation prob 
ability is considered. It is possible to dope nitrogen at 1019 
cm-3 or higher into —c plane ZnO by setting a loW groWth 
temperature under Zn-rich conditions. HoWever, this loW 
groWth temperature is likely to deteriorate crystallinity and 
increase dislocation densities, non-radiative centers, and 
residual carrier concentration caused by defects. The possi 
bility of obtaining only a ?lm insuf?cient for light emission 
devices is not negligible. 

[0012] By using a ZnO substrate With a Zn plane or a 
substrate having a GaN layer exposing a Ga plane as a 
template, a ZnO layer having a +c polarity (Zn plane) can be 
groWn. HoWever, these substrates are expensive. 

SUMMARY OF THE INVENTION 

[0013] An object of this invention is to provide a semi 
conductor device having a ZnO layer suitable for a light 
emission device. 

[0014] Another object of the present invention is to pro 
vide a semiconductor device comprising a ZnO layer or a 
mixed crystal layer of (Zn, Mg, Cd, Be) and (O, S, Se and 
Te), having a Zn (or equivalent group II atom) plane or a +c 
polar plane. 

[0015] Still another object of the present invention is to 
provide a manufacture method for a semiconductor device 
comprising a ZnO layer or a mixed crystal layer of (Zn, Mg, 
Cd, Be) and (O, S, Se and Te), having a Zn (or equivalent 
group II atom) plane or a +c polar plane. 

[0016] According to one aspect of the present invention, 
there is provided a semiconductor device comprising: an 
underlying layer having a single crystal surface; an MgO 
epitaxial layer groWn above the underlying layer, Which 
enables, When a ZnO layer is groWn thereon, to provide a +c 
polarity; and an epitaxial layer groWn on the MgO epitaxial 
layer, having the +c polarity and made of ZnO or a mixed 
crystal of (Zn, Mg, Cd, Be) and (O, S, Se, Te). 

[0017] According to another aspect of the present inven 
tion, there is provided a manufacture method for a semi 
conductor device comprising the steps of: (a) preparing an 
underlying layer having a single crystal surface; (b) epitaxi 
ally groWing an MgO layer above the underlying layer to a 
thickness Which enables, When a ZnO layer is groWn 
thereon, to provide a +c polarity; and (c) groWing on the 
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MgO layer a layer made of ZnO or a mixed crystal of (Zn, 
Mg, Cd, Be) and (O, S, Se, Te). 
[0018] A ZnO layer or a mixed crystal layer of (Zn, Mg, 
Cd, Be) and (O, S, Se, Te) can be formed Which has the Zn 
plane or +c plane. By controlling the thickness of an MgO 
layer, a —c plane ZnO group material layer and a +c plane 
ZnO material layer can be selectively groWn. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] FIGS. 1A to IE are a schematic cross sectional 
vieW shoWing the structure of a molecular beam epitaxy 
system and cross sectional vieWs of a substrate, respectively 
for explaining experiments made by the present inventors. 

[0020] FIGS. 2A to 2C are a graph shoWing a change in 
a ZnO ?lm groWth rate relative to a thickness of an under 
lying MgO ?lm, and schematic perspective vieWs shoWing 
Zn-polarity and O-polarity of ZnO. 

[0021] FIGS. 3A and 3B are a TEM photograph and a 
CBED pattern photograph of tWo samples. 

[0022] FIGS. 4A and 4B are a graph shoWing a change in 
a nitrogen concentration relative to a groWth temperature of 
a Zn-polarity sample and an O-polarity sample, and a graph 
shoWing changes in X-ray diffraction peak Widths (FWHM) 
relative to a groWth temperature. 

[0023] FIGS. 5A to 5G are RHEED pattern photographs 
and schematic cross sectional vieWs illustrating crystal con 
?gurations groWn in SK mode. 

[0024] FIGS. 6A and 6B are graphs shoWing X-ray dif 
fraction results. 

[0025] FIGS. 7A, 7B and 7C are schematic sketches 
shoWing the Ways in Which crystals groW. 

[0026] FIG. 8 is a cross sectional vieW shoWing another 
structure of an epitaxial substrate. 

[0027] FIGS. 9A to 9D are cross sectional vieWs of a 
substrate illustrating manufacture processes for a semicon 
ductor device. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0028] The present inventors have studied a method of 
forming ZnO crystals having a good crystalline quality by 
groWing an MgO layer on a sapphire substrate by MBE and 
groWing a ZnO layer thereon. This method Will be described 
along With experiments made by the present inventors. 

[0029] FIG. 1A is a schematic diagram shoWing an MBE 
crystal groWth system used for groWing ZnO crystals. A 
stage 8 With a heater H is installed in a ultra high vacuum 
chamber 1. A sapphire substrate 9 is placed on the stage 8. 
The ultra high vacuum chamber 1 is provided With: a Zinc 
source gun 3 for injecting (or ejecting) a Zinc beam from a 
K cell; a hydrogen source gun 4 for injecting hydrogen beam 
thermally cracked by the heat of a tungsten ?lament; an 
oxygen source gun 5 for injecting an oxygen radical beam 
obtained by radicaliZing oxygen gas; a nitrogen source gas 
6 for injecting a nitrogen radical beam obtained by radical 
iZing nitrogen gas; and a magnesium source gun 11 for 
injecting a magnesium beam from a K cell. The hydrogen 
source gun is used for cleaning the substrate, and the 
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nitrogen source gun is used for doping N as the impurities 
to be used When a p-type layer is formed. Another source 
gun 10 is also mounted for n-type impurities. Beams from 
the source guns and cracked hydrogen can be supplied to the 
sapphire substrate 9 at the same time. 

[0030] The ultra high vacuum chamber 1 is also provided 
With a re?ection high-energy electron diffraction (RHEED) 
gun 2 and an RHEED screen 7. Electrons emitted from the 
RHEED gun 2 are diffracted in crystals formed on the 
sapphire substrate 9, and become incident upon the RHEED 
screen 7. Crystals formed on the sapphire substrate 9 can 
therefore be observed. 

[0031] As the source gas of the nitrogen radical beam to be 
injected from the nitrogen source gun 6, for example, 
nitrogen dioxide (NO2), oxygen dinitride (N 2O) or the like 
may be used. Cracked ammonium (NH3) may also be 
injected from the nitrogen source gas 6. 

[0032] As shoWn in FIG. 1B, the c-plane sapphire sub 
strate 9 degreased by organic solvent is mounted on the 
substrate stage 8 of the MBE system, and the inside of the 
ultra high vacuum chamber 1 is evacuated to a high vacuum 
at a pressure of 1x10“7 Pa or loWer. Hydrogen gas is 
cracked, and While atomic hydrogen is irradiated to the 
sapphire substrate 9, heat treatment is performed at 800° C. 
for 30 minutes to clean the substrate surface. 

[0033] After the surface cleaning, the substrate tempera 
ture is set to 500° C. to 800° C. and a magnesium beam from 
the magnesium source gun 11 and an oxygen radical beam 
from the oxygen source gun 5 are irradiated to the substrate 
9 to groW an MgO layer 14. There is a lattice mismatch of 
8.4% betWeen MgO and sapphire. Samples Were formed 
having a MgO layer With respective thicknesses of 0 nm, 
about 1.0 nm, about 2.1 nm, about 3.1 nm, about 4.1 nm and 
about 6.2 nm. The ?lm thickness Was calculated from an 
average groWth rate and a groWth time. 

[0034] As shoWn in FIG. 1C, after the substrate tempera 
ture Was loWered to 500° C. or loWer, e.g., 400° C., a Zn 
beam from the Zn source gun 3 and an O radical beam from 
the oxygen source gun 5 Were irradiated on the surface of the 
MgO layer 14 to groW a loW temperature groWth ZnO buffer 
layer 15x. 

[0035] As shoWn in FIG. 1D, the substrate formed With 
the loW temperature groWth ZnO layer 15x is heated to 700° 
C. or higher, e.g., 800° C. to perform heat treatment (anneal 
ing or recrystaliZation) for several minutes. Migration and 
the like occur in the loW temperature groWth ZnO layer 15x 
so that the crystallinity is improved and a ZnO layer 15y 
having a planariZed surface is formed. 

[0036] As shoWn in FIG. 1E, the substrate temperature is 
set to a temperature of 600° C. or higher suitable for ZnO 
epitaxial groWth, e.g., 650° C. 

[0037] A Zn beam from the Zn source gun 3 and an O 
radical beam from the oxygen source gun 5 are again 
irradiated on the annealed ZnO layer 15y to groW a ZnO 
layer 152. 

[0038] The rates of groWing ZnO layers 152 Were mea 
sured by groWing MgO layers of the above-described six 
thicknesses in the process shoWn in FIG. 1B, and groWing 
the respective ZnO layers thereon under the uniformaliZed 
constant ?ux conditions in the process shoWn in FIG. 1E. 
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[0039] FIG. 2A is a graph plotting the growth rates of the 
ZnO ?lms 152 formed in the process of FIG. 1E, With 
respect to the thickness of the MgO ?lm 14. In the region of 
the thickness of the MgO ?lm 14 from 0 to about 1.0 nm, the 
groWth rate of the ZnO ?lm 152 is at about 250 nm/h, and 
is generally constant. In contrast, in the region of the 
thickness of the MgO ?lm 14 about 4.1 nm or thicker, the 
groWth rate of the ZnO ?lm 152 is increased about tWice to 
about 500 nm/h, and also is generally constant. At the 
thickness of the MgO ?lm at about 3.1 nm, the groWth rate 
is loWered slightly relative to 4.1 nm or higher, and is near 
500 nm/h. A change in groWth mechanism is suggested by 
a change of about a twofold in the groWth rate of the ZnO 
?lm 152 at the MgO ?lm thickness of about 3 nm or thicker, 
compared to about 1.0 nm or thinner. 

[0040] The groWth rate of the ZnO ?lm 152 at the thick 
ness of the MgO ?lm 14 of about 2.1 nm has an in-plane 
distribution, and is about 350 nm/h in the central area. This 
rate is apparently faster than the groWth rate of about 250 
nm/h at the MgO ?lm thickness of about 1.0 nm or thinner, 
indicating a start of the change in groWth mechanism. In the 
folloWing, studies Will be given on the +c and —c groWths. 
Since ZnO groWth is executed in the O-rich conditions, the 
terminating front end surface is considered to be 0 plane. 

[0041] FIG. 2B shoWs a Zn-polarity (+c) plane of ZnO 
crystal. Three dangling bonds DB extend upWard from each 
oxygen atom 0. When crystals are cleaved at the c-plane, the 
cleavage plane is at a location Where an upper oxygen atom 
and a loWer Zn atom is bonded by a single bond. The 
uppermost surface is therefore the Zn plane. When 0 atoms 
are bonded to the Zn atoms, each 0 atom extends three 
dangling bonds upWard. 

[0042] FIG. 2C shoWs an O polar (—c) plane of ZnO 
crystal. One dangling bond extends upWard from each 
oxygen atom. The cleavage plane of the c-plane is at a 
location Where the upper Zn atom and the lower 0 atom is 
bonded by a single bond, and is the 0 plane. Each 0 atom 
extends or streches one dangling bond upWard. 

[0043] It can be considered that the groWth rate increases 
because the Zn bonding coef?cient is larger on the Zn 
polarity plane than on the O-polarity plane due to a differ 
ence of the dangling bond con?guration on the O uppermost 
plane. A change in the groWth rate shoWn in FIG. 2A may 
be ascribed to a change in the polar plane. 

[0044] In order to correctly judge the polarity of the 
formed ZnO ?lm, evaluation Was performed through con 
vergent beam electron diffraction (CBED). 

[0045] FIGS. 3A and 3B are a transmission electron 
microscopy (TEM) photograph shoWing a cross sectional 
vieW and a CBED pattern (actual measurement and calcu 
lation) photograph of tWo ZnO ?lm samples: a sample 
groWn on the MgO ?lm 14 having a thickness of 1 nm 
formed on a c-plane sapphire substrate and a sample groWn 
on the MgO ?lm 14 having a thickness of 6 nm. A large left 
photograph is a TEM photograph, an upper portion shoWs a 
ZnO ?lm and a loWer portion shoWs a sapphire substrate. 
The middle and right photographs shoW CBED patterns. The 
middle pattern Was calculated and the right pattern Was 
measured. For the calculation simulation, the thicknesses of 
the sample ?lms are assumed to be 140 nm and 158 nm. 
Actual measurement and calculation indicate fair coinci 
dence. 
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[0046] In FIGS. 3A and 3B, the middle portion of the 
CBED pattern is the (0000) plane, the upper portion is the 
(000-2) plane (FIG. 3A) and the (0002) plane (FIG. 3B), 
and the loWer portion is the (0002) plane (FIG. 3A) and the 
(000-2) plane (FIG. 3B). The inverted black and White 
patterns are shoWn. 

[0047] It can be seen that the ZnO ?lm groWn on the MgO 
?lm having a thickness of 1 nm has the O-polarity (—c) 
(groWth direction is [000-2]) and the ZnO ?lm groWn on the 
MgO ?lm having a thickness of 6 nm has the Zn-polarity 
(+c) (groWth direction is [0002]). When a ZnO ?lm Was 
formed on a MgO ?lm having a thickness of 2.1 nm, both +c 
and —c are mixed in plane and the groWth rate Was 350 nm/h, 
an intermediate rate betWeen —c and +c. The peripheral area 
Was a —c groWth region. 

[0048] These results elucidate that a ZnO ?lm of the 
Zn-polarity (+c) and a ZnO ?lm of the O-polarity (—c) can 
be selectively groWn on the MgO ?lm by adjusting the 
thickness of the MgO ?lm to be formed on the sapphire 
substrate. 

[0049] FIG. 4A is a graph shoWing a groWth temperature 
dependency of a nitrogen concentration in a ZnO ?lm doped 
With nitrogen (N). The conditions of supplying nitrogen for 
samples other than those at 650° C., Were set under the 
constant conditions. Anitrogen concentration Was calculated 
through secondary ion mass spectroscopy (SIMS). 

[0050] At a groWth temperature of 650° C. or higher, in 
samples s1 of the O-polarity, nitrogen cannot be doped more 
than 1><10l7 cm'3 Which is a loWer detection limit of SIMS. 
As the groWth temperature is loWered, nitrogen concentra 
tion in the ?lm increases. At a groWth temperature of 300° 
C., N can be doped about 1020 cm_3. For example, if 
nitrogen is to be doped at 1019 cm_3, it is necessary to set the 
groWth temperature to about 400° C. or loWer. 

[0051] In samples s2 of the Zn-polarity, nitrogen can be 
doped at 1020 cm-3 or higher regardless of the groWth 
temperature. It has been found that the nitrogen concentra 
tion can be controlled in the range from 5><10l8 cm-3 to 
1x10 cm'3 by adjusting the groWth conditions (O/Zn ?ux 
rate, amount of introduced N atoms, etc.) at a groWth 
temperature of 650° C. 

[0052] As the groWth temperature is loWered, a fairly large 
number of N atoms can be doped also in the ZnO layer of 
the O-polarity. HoWever, as the groWth temperature of the 
ZnO layer is loWered, the crystallinity of groWn crystals is 
adversely affected. 

[0053] FIG. 4B is a graph shoWing a relation betWeen a 
full Width at half maximum (FWHM) of an X-ray diffraction 
peak and a groWth temperature. FWHM of a (0002) plane 
takes generally a constant narroW value at about 250° C. or 
higher, Whereas FWHM of a (10-1°) plane takes a value as 
ten times or more broad as that of the (0002) plane at a 
groWth temperature of 700° C., and as the groWth tempera 
ture loWers, FWHM further increases and exceeds 1000 
arcseconds at 400° C. or loWer. This indicates that as the 
groWth temperature is loWered, the crystallinity is degraded. 
When N is doped in the ZnO layer of the O-polarity, the 
groWth temperature should be loWered to obtain a good 
doping level so that degradation of crystallinity is inevitable. 

[0054] If the ZnO layer of the Zn-polarity is used, the 
groWth temperature can be maintained high even When N is 
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doped, so that nitrogen can be doped in the ZnO ?lm at a 
high concentration Without sacri?cing the crystallinity. 

[0055] It has been found that as the thickness of an MgO 
?lm on a sapphire substrate is increased to a certain level or 
thicker, the +c-polar plane can be formed When a ZnO layer 
is formed on the MgO ?lm. According to the above 
described experiments, a ZnO layer of the +c-polarity is 
expected to be groWn on the MgO ?lm having a thickness of 
about 3 nm or thicker. 

[0056] Further studies Were made on phenomena Which 
occur While an MgO ?lm is groWn on a sapphire substrate. 

[0057] FIGS. 5A to SE shoW changes in RHEED during 
the groWth of an MgO ?lm on a c-plane sapphire substrate. 
FIGS. 5F and 5G are cross sectional vieWs schematically 
shoWing the crystal groWth in the Stranski-Krastanov (SK) 
mode. FIG. 5F shoWs the stage that a Wetting layer 51 is 
tWo-dimensionally groWn on an underlying crystal layer 50. 
Generally, the Wetting layer 51 is very ?exible and has a 
topology conformal to the surface of the underlying crystal 
layer 50. If there is a lattice mismatch With the underlying 
layer, strain is accumulated as the ?lm becomes thicker. 
FIG. 5G shoWs a stage Where three-dimensional crystals 
re?ecting the crystallinity of the groWn crystal itself start 
groWing in island shapes. A tWo-dimensionally groWn Wet 
ting layer 51 and three-dimensionally groWn island-like 
crystals 52 exist in a mixed state. 

[0058] FIG. 5A shoWs RHEED patterns of a sapphire 
substrate on Which an MgO crystal is to be groWn. FIGS. 5B 
and 5C are RHEED patterns When an MgO ?lm is groWn on 
a sapphire substrate to thicknesses of 0.87 nm and 1.03 nm, 
respectively. Up to a thickness of 1 nm, striped streak 
patterns Were observed. This may be ascribed to coherent 
tWo-dimensional groWth. As the ?lm thickness exceeds 1 
nm, spots start appearing over the streak pattern. This is 
considered a change from tWo-dimensional groWth to three 
dimensional groWth. 

[0059] FIGS. 5D and 5E shoW RHEED patterns at the 
MgO ?lm thicknesses of 6.2 nm and 15.5 nm. As the ?lm 
thickness exceeds 6 nm, the patterns change to spot patterns. 
This may be ascribed to that island-shape three-dimensional 
groWth covers the Whole ?lm surface. 

[0060] It is knoWn that the crystal structure of MgO has 
generally a rocksalt structure of a cubic crystal system. An 
MgO ?lm having a thickness of 62 nm Was groWn on a 
sapphire substrate and X-ray diffraction Was observed. 

[0061] FIG. 6A shoWs the results of 26-6 scan of an MgO 
?lm on a sapphire substrate. FIG. 6B shoWs the results of q) 
scan of a (220) plane of the MgO ?lm and a (11-23) plane 
of the sapphire substrate. It Was con?rmed that the MgO ?lm 
has the rocksalt structure and has a (l l l) orientation and that 
the in-plane orientation relative to sapphire Was: MgO 
(—ll2) parallel to sapphire (l-lOO), and MgO (—l-l2) par 
allel to sapphire (11-20). 

[0062] As a sufficiently thick MgO ?lm of 3 nm or thicker 
is groWn on a sapphire substrate, MgO of the rocksalt 
structure can be obtained. Then, When ZnO is groWn 
thereon, the Zn (+c) polarity can be obtained. The Wetting 
layer at the stage When an MgO ?lm starts groWing is 
considered to have WurtZite structure having a topology 
conformal to the underlying sapphire crystal. It can be 
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considered that as the thickness of the MgO ?lm increases, 
a change from Wur‘tZite structure to rocksalt structure 
occurs. 

[0063] FIG. 7A shoWs a case Where an MgO ?lm 51 of 
WurtZite structure is groWn on a sapphire substrate 50 of 
WurtZite structure and a ZnO ?lm 53 is groWn on the MgO 
?lm. The c axis of the Wur‘tZite structure has tWo polar 
planes, and —c (O) polarity MgO is groWn on sapphire if the 
MgO ?lm is 1 nm thick or thinner. Therefore, a ZnO ?lm 53 
groWn on the MgO ?lm has a —c (O) polarity. This mode 
corresponds to an MgO ?lm having a thickness of 1 nm or 
thinner. 

[0064] FIG. 7B shoWs a case Where the thickness of a 
groWn MgO ?lm is increased sufficiently. An MgO ?lm 51 
of Wur‘tZite structure is groWn on a sapphire substrate 50, 
then an MgO ?lm 52 of rocksalt structure is groWn on the 
MgO ?lm 51, and a ZnO ?lm 53 is groWn on the MgO ?lm 
52. The rocksalt structure of the MgO ?lm 52 does not have 
a polar plane. It can be considered that if MgO is groWn 
under the oxygen-rich conditions, the crystal groWth 
progresses on an oxygen-terminated plane. Each 0 atom at 
the uppermost (front end) plane of the rocksalt structure has 
three dangling bonds, and a Zn atom bonded thereto has one 
dangling bond in the c axis direction. The ZnO ?lm has 
therefore a Zn (+c) polarity. 

[0065] FIG. 7C shoWs a state Where a ZnO ?lm 53 is 
groWn on a sapphire substrate 50, for reference purpose. The 
ZnO ?lm 53 Will have an O (—c) polarity. 

[0066] Although the above description uses a c-plane 
sapphire substrate by Way of example, similar advantages 
can be obtained by using other non-polar substrates, such as 
an a-plane sapphire substrate, an ScAlMgO4 substrate and 
an Si substrate, When a ZnO ?lm is groWn after forming an 
MgO surface of rocksalt structure. If the amount of lattice 
mismatch becomes large, a critical thickness becomes thin 
and it is expected to realiZe a thinner MgO ?lm having 
rocksalt structure. If the amount of lattice mismatch 
becomes small, the critical thickness of an MgO ?lm real 
iZing the rocksalt structure Will become thicker. It is pref 
erable to experimentally con?rm a desired thickness of an 
MgO ?lm. Similar results are expected even if a groWth 
temperature is changed if epitaxial groWth can be performed. 
[0067] In the above description, an MgO ?lm is formed on 
a c-plane sapphire substrate and a ZnO ?lm is formed on the 
MgO ?lm. Mixed crystals may be formed by replacing the 
Zn site of ZnO With Mg, Cd, Be or the like and/or replacing 
the 0 site With S, Se, Te or the like. It has been empirically 
con?rmed that at least those (Zn, Mg, Cd, Be) (0, S, Se, Te) 
mixed crystal materials having the same crystal structure as 
that of ZnO exhibit the properties similar to ZnO. Also in the 
case When (Zn, Mg, Cd, Be) (0, S, Se, Te) mixed crystal 
materials having the same crystal structure as that of ZnO is 
groWn on a sapphire substrate, the above-described fenom 
ena are expected by inserting an MgO ?lm therebetWeen. In 
the above-described crystal groWth, all or a portion of the 
ZnO ?lm may be a (Zn, Mg, Cd, Be) (0, S, Se, Te) mixed 
crystal layer. For example, a +c polarity ZnMgO layer is 
expected to be formed by groWing a ZnMgO mixed crystal 
layer on an MgO ?lm and controlling the thickness of the 
MgO ?lm. Well and barrier layers can be formed by select 
ing a band gap by selecting the composition of ZnMgO 
mixed crystals, While maintaining the +c polarity. Other 
various device structures can also be realiZed. 
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[0068] It Will also be possible to dope a dopant in a MgO 
?lm formed on a sapphire substrate. Material of MgO doped 
With other elements is also called MgO in this speci?cation. 
Similar advantages are expected for the case Where after a —c 
polarity ZnO layer is once formed on a sapphire substrate or 
the like, an MgO ?lm is groWn on the ZnO layer and another 
ZnO layer is further groWn on the MgO ?lm. 

[0069] As shoWn in FIG. 8, a —c plane ZnO layer 16 is 
formed on a sapphire substrate 9 by loW temperature growth, 
annealing and high temperature groWth. An MgO layer 14 is 
groWn on the O-polarity (-c) ZnO layer 16 to a thickness of 
a predetermined value or thicker, and a ZnO layer 17 is 
groWn on the MgO layer 14. In this case, a +c plane ZnO 
layer 17 is expected to be formed. In this manner, it Will be 
possible to invert the polarity of the ZnO layer from the —c 
plane to the +c plane. 

[0070] FIGS. 9A to 9D are schematic cross sectional 
vieWs illustrating a manufacture method for a ZnO group 
LED according to an embodiment. 

[0071] As shoWn in FIG. 9A, an MgO ?lm 14 is groWn on 
a cleaned sapphire substrate 9 to a thickness of 3 nm or 
thinner. A ZnO group material layer to be formed on the 
MgO ?lm can be expected to have the +c plane. On the MgO 
?lm 14, a ZnO buffer layer is groWn at a loW temperature. 
The ZnO buffer layer 21 is groWn at a substrate temperature 
of 500° C. or loWer, e.g., 400 to 500° C. and annealed at 700° 
C. or higher. 

[0072] Next, an n-type ZnO layer 22 doped With gallium 
is formed on the surface of the ZnO buffer layer 21. The 
n-type ZnO layer 22 has a thickness of l to 2 pm and a 
gallium concentration of l><l0l8 cm-3 or higher. For 
example, the n-type ZnO layer 22 is groWn at a substrate 
temperature of 600 to 700° C. 

[0073] Next, on the surface of the n-type ZnO layer 22, an 
n-type ZnMgO layer 23 is groWn at a groWth temperature of 
350 to 450° C. to a thickness of 300 to 600 nm, the n-type 
ZnMgO layer being doped With gallium at a concentration of 
l x 1 0l 8 cm3 . 

[0074] On the n-type ZnMgO layer 23, ZnO/ZnMgO 
quantum Well layer 24 is formed. Impurities are not doped. 
The ZnO/ZnMgO quantum Well layer 24 Will be later 
described in detail. 

[0075] On the surface of the ZnO/ZnMgO quantum Well 
layer 24, a p-type ZnMgO layer 25 doped With nitrogen is 
formed. For example, the p-type ZnMgO layer 25 has a 
thickness of 100 to 300 nm and a nitrogen concentration of 
l><l0l7 cm-3 or higher. 

[0076] Lastly, on the surface of the p-type ZnMgO layer 
25, a p-type ZnO layer 26 doped With nitrogen at a concen 
tration of l><l0l8 cm'3 or higher is groWn to a thickness of 
100 to 200 nm. Both the p-type ZnMgO layer and p-type 
ZnO layer can be groWn at a temperature of 600° C. or 
higher. 

[0077] As shoWn in FIG. 9B, the ZnO/ZnMgO quantum 
Well layer 24 has a lamination structure of a Well layer 24w 
of ZnO and a barrier layer 24b of ZnMgO formed on the 
surface of the Well layer 24w. 

[0078] As shoWn in FIG. 9C, the ZnO/ZnMgO quantum 
Well layer 24 may have a multiple quantum Well structure 
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having a plurality of the lamination structures of the Well 
layer 24w and barrier layer 24b stacked one on another. 

[0079] As shoWn in FIG. 9D, after the above-described 
layer (?lm) forming processes, electrodes are formed. The 
sapphire substrate 9 having the stacked layers from the 
n-type ZnO buffer layer 21 to p-type ZnO layer 26 is taken 
out from a ZnO group crystal manufacture system, and a 
resist ?lm or a protective ?lm or the like is formed to form 
an etching mask having a cut-off WindoW (n-type electrode 
forming area) of a predetermined pattern. Thereafter, the 
area exposed in the cut-off WindoW is etched until the n-type 
ZnO layer 22 is exposed, for example, by Wet etching or 
reactive ion etching. On the surface of the n-type ZnO layer 
22, an n-type electrode 27 is formed. For example, the 
n-type electrode is made of a lamination of a titanium layer 
of 2 to 10 nm in thickness and an aluminum layer of 300 to 
500 nm in thickness. 

[0080] Next, the etching mask used for forming the n-type 
electrode 27 is removed and a p-type transparent electrode 
28 is formed on the surface of the p-type ZnO layer 26. For 
example, the p-type transparent electrode 28 has a lamina 
tion structure of a nickel layer having a thickness of 5 to 10 
angstroms and a metal layer having a thickness of 100 
angstroms formed on the nickel layer. 

[0081] On the p-type transparent electrode 28, a bonding 
electrode 29 of gold having a thickness of, e.g., 500 nm is 
formed. An electrode alloying process is executed thereafter, 
for example, in an oxygen atmosphere at 700 to 800° C. The 
alloying process time is 3 to 10 minutes. In the above 
manner, a ZnO group LED is manufactured. 

[0082] The present invention has been described along the 
preferred embodiments. The invention is not limited only to 
the above embodiments. It Will be apparent to those skilled 
in the art that other various modi?cations, improvements, 
combinations, or the like can be made. 

1-11. (canceled) 
12. A method for manufacturing a semiconductor device 

comprising the steps of: 

(a) preparing an underlying layer having a single crystal 
surface; 

(b) epitaxially groWing an MgO layer above said under 
lying layer to a thickness Which enables, When a ZnO 
layer is groWn thereon, to provide a +c polarity; and 

(c) groWing on said MgO layer a layer consisting essen 
tially of ZnO. 

13. The method for manufacturing a semiconductor 
device according to claim 12, Wherein said step (b) groWs 
said MgO layer having rocksalt structure. 

14. The method for manufacturing a semiconductor 
device according to claim 12, Wherein said step (b) epitaxi 
ally groWs said MgO layer to a thickness of 3 nm or thicker. 

15. The method for manufacturing a semiconductor 
device according to claim 12, Wherein said underlying layer 
is a non-polar single crystal substrate. 

16. The method for manufacturing a semiconductor 
device according to claim 15, Wherein said non-polar single 
crystal substrate is a sapphire substrate, an ScAlMgO4 
substrate or an Si substrate. 
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17. The method for manufacturing a semiconductor 
device according to claim 15 Wherein said non-polar single 
crystal substrate is a c-plane sapphire substrate. 

18. The method for manufacturing a semiconductor 
device according to claim 12, Wherein said underlying layer 
is a —c polarity ZnO layer. 

19. The method for manufacturing a semiconductor 
device according to claim 12, Wherein said step (c) com 
prises the steps of: 

(c-l) groWing on said MgO layer a loW temperature 
groWn layer consisting essentially of ZnO, at a sub 
strate temperature of 500° C. or loWer; 

(c-2) annealing said loW temperature groWth layer at a 
temperature of 700° C. or higher; and 
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(c-3) epitaxially groWing on said annealed loW tempera 
ture groWn layer a high temperature groWn layer con 
sisting essentially of ZnO, at a substrate temperature of 
600° C. or higher. 

20. The manufacture method for a semiconductor device 
according to claim 12, Wherein said step (b) is performed at 
a substrate temperature of 500° C. to 800° C. 

21. The method for manufacturing a semiconductor 
device according to claim 12, Wherein said steps (b) and (c) 
are performed by molecular beam epitaxy (MBE). 

22. The method for manufacturing a semiconductor 
device according to claim 12, Wherein said step (c) includes 
a step of groWing a p-type layer doped With nitrogen. 

* * * * * 


