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(57) ABSTRACT 
An object of the present invention is to improve, in a group 
III nitride semiconductor device, the productivity, heat 
radiation characteristic and performance in the element high 
speed operation; upon a sapphire substrate in Which an A 
plane (an (11-20) plane) is set to be the basal plane, an 
epitaxial growth layer of a group III nitride semiconductor 
is formed and, thereon, a gate electrode 16, a source elec 
trode 15 and a drain electrode 17 are formed; these elec 
trodes are disposed in such a Way that a direction along 
Which they are laid makes an angle Within 20° With respect 
to a C aXis of sapphire. 
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Fig. 2 
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Fig. 3 

7 

tsub T c2. 
7 I 

Fig. 4 

r 

C axis <OOO1> 

\ 
(11-20) plane 



Patent Application Publication Apr. 25, 2002 Sheet 4 0f 5 US 2002/0047113 A1 

Fig. 5 
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Fig. 7 
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SEMICONDUCTOR DEVICE 

FIELD OF THE INVENTION 

[0001] The present invention relates to a ?eld effect tran 
sistor (FET) With a sapphire substrate, in particular to a ?eld 
effect transistor utilizing a group III nitride semiconductor 
material such as GaN. 

BACKGROUND TO THE INVENTION 

[0002] The group III nitride semiconductors including 
GaN have carrier transport characteristics close to that of 
GaAs, together With high breakdown electric ?elds due to 
their Wide band gaps. They are, thus, regarded as strong 
candidate materials for high frequency, high poWer transis 
tors. 

[0003] When a device is manufactured making use of a 
GaN based semiconductor material, because it is difficult to 
obtain a bulk GaN based substrate, there is normally 
employed a method of fabricating a device Wherein a GaN 
based semiconductor layer is formed by epitaXial groWth on 
a substrate of a different material. For the substrate of a 
different material, sapphire or SiC is utiliZed. SiC has an 
eXcellent thermal conductivity but also draWbacks of high 
cost and dif?culty to attain a large Wafer area. In contrast, 
although sapphire has an inferior thermal conductivity, the 
cost can be loWered through the use of a Wafer With a larger 
diameter. In application, therefore, these substrates of dif 
ferent materials are chosen appropriately, according to the 
use and the purpose for utiliZing and so forth. In the ?eld of 
MMICs (Monolithic MicroWave Integrated Circuits) or the 
likes, there are some applications With small electric poWer 
in Which the restriction for heat dissipation is not strong. In 
such applications, sapphire rather than SiC is in Wide use. 
When, using a sapphire substrate, a FET is fabricated, in 
prior art, a C plane sapphire is utiliZed and the device is 
formed on the C plane (see Japanese Patent Application 
Laid-open, No. 82671/2000, Jpn. J. Appl. Phys., Vol. 38 
(1999) pp. 2630 (T. EgaWa et al.) and so on). FIG. 5 is a 
vieW shoWing a structure of a conventional MESFET (Metal 
Semiconductor FET) disclosed in FIG. 12 of Japanese 
Patent Application Laid-open, No. 82671/2000. Herein, 
upon a C plane sapphire substrate 51, a GaN buffer layer 52 
and an n-type GaN channel layer 53 are laid, and a source 
electrode 54, a gate electrode 55 and a drain electrode 56 are 
formed thereon. MeanWhile, FIG. 6 is a vieW shoWing a 
structure of a conventional HEMT (High Electron Mobility 
Transistor) disclosed in FIG. 13 of the same publication. 
Upon a C plane sapphire substrate 61, a GaN buffer layer 62, 
a non-doped GaN channel layer 63 and an n-AlGaN electron 
supplying layer 64 are laid, and a source electrode 65, a gate 
electrode 66 and a drain electrode 67 are formed thereon. In 
both of these, a GaN based semiconductor layer is laid upon 
a C plane of sapphire to fabricate a FET. Further, it is 
described, in that publication, that any plane of sapphire 
such as an Aplane, N plane, S plane, R plane, M plane or 
the like can be utiliZed in fabricating an optical device or an 
electronic device With a sapphire substrate. HoWever, 
eXamples speci?cally disclosed therein are nothing else but 
the ones of forming a device on a C plane of sapphire, and 
any speci?c manufacturing methods or device design criteria 
for the cases to utiliZe any other plane are not described at 
all. 
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[0004] As described above, in conventional techniques, a 
GaN based semiconductor layer is formed upon a C plane of 
sapphire to form a device, Which gives rise to the folloWing 
problems. 

[0005] First, attempts to obtain a Wafer With a larger 
diameter are limited to a certain eXtent. In recent years, from 
the point of vieW of improving productivity, there have been 
demands that Wafers should have larger diameters. Yet, the 
sapphire Whose C plane is chosen for the crystal groWth 
plane cannot be readily made to have a larger diameter, 
because of its loW Workability through surface polishing due 
to its poor mechanical processing feasibility and little ability 
to groW the crystal to have a large Width by the ribbon crystal 
method or the like. A substrate With the largest diameter 
attained so far is 4 inches in diameter. 

[0006] Secondly, a heat radiation characteristic thereof is 
dif?cult to improve. Since sapphire has a loW thermal 
conductivity, improvements on the heat radiation character 
istic have been sought after for some time and, for this 
purpose, thinner substrates have been looked for. Neverthe 
less, sapphire has insufficient feasibility in mechanical pro 
cessing as described above so that a reduction in thickness 
is hard to achieve and, thus, the heat radiation characteristic 
is dif?cult to improve. 

[0007] Thirdly, parasitic capacitances generated in the 
substrate are relatively large and act as an inhibitory factor 
to the improvement of device performance. Especially, in 
the case of a C plane sapphire, it is necessary to make the 
substrate have a certain thickness from the point of mechani 
cal processing feasibility, Which results in generation of 
large parasitic capacitances in the substrate. 

SUMMARY OF THE INVENTION 

[0008] In light of the above problems, an object of the 
present invention is, in a group III nitride semiconductor 
device, to improve the productivity and heat radiation char 
acteristic and, at the same time, to improve device perfor 
mance through a reduction in parasitic capacitances. 

[0009] The present invention relates to a semiconductor 
device Which comprises a group III nitride semiconductor 
layer formed on a single crystalline sapphire substrate, a 
source electrode and a drain electrode formed apart from 
each other on the surface of said group III nitride semicon 
ductor layer, and a gate electrode formed betWeen said 
source electrode and said drain electrode; Wherein 

[0010] said group III nitride semiconductor layer is 
formed on an A plane of said single crystalline sapphire 
substrate. 

[0011] The present invention provides a semiconductor 
device Which comprises a group III nitride semiconductor 
layer formed on a single crystalline sapphire substrate, a 
source electrode and a drain electrode formed apart from 
each other on the surface of said group III nitride semicon 
ductor layer, and a gate electrode formed betWeen said 
source electrode and said drain electrode; Wherein 

[0012] said group III nitride semiconductor layer is 
formed on an A plane of said single crystalline sapphire 
substrate; and the source electrode, the drain electrode and 
the gate electrode are formed to lie along a direction Which 
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makes an angle Within 20° With a C axis of said single 
crystalline sapphire substrate. 

[0013] In the present invention, a group III nitride serni 
conductor layer is formed on an A plane of a single crys 
talline sapphire substrate. FIG. 4 is a vieW illustrating the 
orientation of planes of sapphire. In this draWing, a (0001) 
plane is formed perpendicular to the C axis, and a (11-20) 
plane is formed to associate With a pair of lateral faces of a 
hexagonal prisrn. In the illustration, formed are tWo {0001} 
planes (C planes) Which are equivalent to (0001), six {11 
20} planes (A planes) Which are equivalent to (11-20), and 
six {1-100} planes (M planes) Which are equivalent to 
(1-100), respectively. Among these planes, it is an A plane 
on Which a group III nitride layer is formed to construct a 
FET in the present invention. 

[0014] In the ?eld of optical devices such as a sernicon 
ductor laser, there are some reports in Which the technique 
to form a group III nitride semiconductor layer upon an A 
plane of sapphire is examined. For a GaN based optical 
device, too, although a C plane of a sapphire substrate is 
very often chosen as the crystal groWth plane for a GaN 
based semiconductor layer, a proposal to use an Aplane of 
sapphire as the crystal groWth plane has been put forWard, 
as described in Japanese Patent Application Laid-open No. 
297495/1995. 

[0015] Nevertheless, in the ?eld of electronic devices 
including FETs, no attempts of forming a device on any 
plane other than the C plane, in particular on a sapphire A 
plane, has been made, Which can be attributed to the 
folloWing reasons. 

[0016] For a FET making use of a group III nitride 
serniconductor, it is important to utiliZe carriers generated by 
the pieZoelectric effect and spontaneous polariZation effec 
tively, in device designing. Therefore, for groWing an epi 
taxial layer, it becomes essential to use a crystal plane Where 
the pieZoelectric effect and spontaneous polariZation take 
place effectively as a groWth plane. In other Words, in order 
to form an electronic device on a plane parallel to a C axis, 
it becomes important to groW a group III nitride sernicon 
ductor layer stably in the direction of the C axis. Further 
more, the groWth of defects in the group III nitride serni 
conductor layer leads to inef?cient pieZoelectric effects 
through lattice relaxation so that defects such as dislocations 
need to be reduced. While A reduction of defects is required 
in a certain extent in the case of semiconductor lasers or the 
like, in the case of electronic devices Where the structure of 
semiconductor layers is considerably different, the level of 
the defect reduction required is quite different. 

[0017] Yet, conventional techniques have not given any 
clear guide leading to a process for forming a group III 
nitride semiconductor layer stably in the direction of a C axis 
While reducing defects. 

[0018] MeanWhile, a sapphire single crystal has a hexago 
nal crystal structure. For instance, an A plane of sapphire 
has, Within the plane, an anisotropy of crystal structure 
betWeen the direction of the C axis and the direction 
perpendicular to that. In regard of the relative perrnittivities, 
the values are 11.5 in the parallel direction to the C axis and 
9.3 in the perpendicular direction, respectively, having a 
difference of about 20%. Consequently, in the case that a 
FET is to be formed upon a plane other than a C plane, for 
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instance, upon an Aplane, required are further examinations 
of various aspects: whether similar performances to those of 
a FET With a C plane can be obtained, Whether new 
problems that have not been hitherto seen in the case the 
formation is made upon a C plane may arise and so forth. 
Moreover, there is required suf?cient knoWledge in device 
design to achieve stable fabrication of FETs With prescribed 
performances, in spite of dif?culties caused by an anisotropy 
of this sort. HoWever, such examinations have been hardly 
made so far. 

[0019] In the present invention, a group III nitride serni 
conductor layer is formed upon an A plane of sapphire to 
construct a FET. This provides the folloWing advantages. 

[0020] First, parasitic capacitances in the longitudinal 
direction of the substrate can be reduced and thereby the 
device capability of high speed operation can be improved. 

[0021] Secondly, the device can be manufactured using a 
substrate With a large diameter so that the productivity can 
be greatly improved. 

[0022] Thirdly, as the substrate can have a superior fea 
sibility in mechanical processing in comparison With that of 
the C plane sapphire, the substrate can be made thin. In 
practice, its thickness can be made 100 urn or less, even not 
greater than 50 urn. As a result, heat radiation characteristic 
of the substrate can be markedly improved and besides 
parasitic capacitances in the longitudinal direction of the 
substrate can be reduced even further. 

[0023] Further, in the present invention, the layout of a 
FET is set in such a Way that a source electrode, a drain 
electrode and a gate electrode are Well aligned Within a 
prescribed range With respect to the direction of the C axis 
of sapphire, Which enables the FET to operate at high speed. 

BRIEF DESCRIPTION OF THE DRAWING 

[0024] FIG. 1 is a couple of cross-sectional vieWs shoW 
ing a semiconductor device according to the present inven 
tion; the loWer vieW (b) illustrates the electric ?eld created 
in a FET With a structure shoWn in the upper vieW (a), When 
operating. 

[0025] FIG. 2 is a pair of top vieWs shoWing a sernicon 
ductor device according to the present invention; the upper 
vieW (a) shoWs a device With electrodes aligned precisely 
along the direction of the C axis of sapphire and the loWer 
vieW (b) shoWs a device With electrodes aligned along the 
direction tilted from the C axis by angle 0t. 

[0026] FIG. 3 is a vieW in explaining the operation of the 
present invention resulting in an excellent performance of a 
semiconductor device. 

[0027] FIG. 4 is a vieW illustrating the orientation of 
planes in a single crystalline sapphire. 

[0028] FIG. 5 is a cross-sectional vieW shoWing a con 
ventional semiconductor device With FET structure. 

[0029] FIG. 6 is a cross-sectional vieW shoWing another 
conventional semiconductor device With HEMT structure. 

[0030] FIG. 7 is a graphical representation shoWing the 
dependences of thermal resistance and surface average tern 
perature on substrate thickness, obtained by simulation. 
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[0031] FIG. 8 is a vieW in explaining the device model 
subjected to analysis made by simulation of FIG. 7. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0032] The term “the group III nitride semiconductor” in 
the present invention refers to any semiconductor containing 
nitrogen as a group V element, including a gallium nitride 
based semiconductor such as GaN, AlGaN, InGaN, 
AlGaInN, and also a semiconductor such as AlN, InN. 

[0033] The present invention can be applied to either of a 
HEMT and a MESFET. When applied to a HEMT, it takes 
a structure in Which a group III nitride semiconductor layer 
comprises an operation layer and an electron supply layer 
formed thereon and at the interface of these layers, a tWo 
dimensional electron gas is formed. In the present invention, 
a group III nitride semiconductor layer is formed on a plane 
lying parallel to a C axis to construct a PET, Which has not 
been hitherto investigated. In order to form a group III 
nitride semiconductor layer on a plane lying parallel to a C 
axis and fabricate stably a PET of high quality, it is impor 
tant to select appropriately a substrate surface treatment 
prior to the epitaxial groWth, groWth conditions and so on. 
For instance, as described beloW, it is effective to perform, 
as a pretreatment prior to the epitaxial groWth, an annealing 
in oxygen or hydrogen under the condition Where the 
temperature is 1100° C. or higher and the duration is 30 
minutes or longer. The upper limits for the temperature and 
the duration can be satisfactorily set to be, for example, not 
higher than 1600° C. and not longer than 120 minutes, 
respectively. In addition to this, a technique such as to set the 
epitaxial groWth rate in an appropriate range is effective. 
With techniques aforementioned, an epitaxial groWth layer 
of high quality Where the pieZoelectric effect and spontane 
ous polariZation may steadily take place can be obtained. 

[0034] In the present invention, When the thickness of the 
sapphire substrate is set to be 100 pm or less, heat radiation 
characteristic of the substrate can be markedly improved and 
besides parasitic capacitances in the longitudinal direction of 
the substrate can be reduced even further. 

[0035] Further, in the present invention, by setting the 
thickness of the sapphire substrate to satisfy the folloWing 
equation: 

1 5m S pad 
[Sub = a, 

[0036] Where 

[0037] Spad is the area of the pad electrode; 

[0038] S 

[0039] esub is the relative permittivity of the sapphire 
substrate in the direction of the thickness; 

[0040] eepi is the relative permittivity of the group III 
nitride semiconductor layer in the direction of the 
thickness; 

gate is the area of the gate electrode; 
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[0041] tSub is the thickness of the sapphire substrate; 
and 

[0042] tact is the effective thickness of the group III 
nitride semiconductor layer, 

[0043] the degradation of the FET high frequency char 
acteristic caused by parasitic capacitances that is attributed 
to the pad electrodes can be suppressed. Here, the pad 
electrodes refer to electrodes to supply current for a source 
or a drain from the outside. Further, tact (the effective 
thickness of the group III nitride semiconductor layer) 
represents the distance from the interface of the gate elec 
trode and the surface of the semiconductor layer to the 
layered region Where carriers are accumulating. For 
instance, in a HEMT, this refers to the distance betWeen the 
loWer end of the gate electrode and the tWo-dimensional 
electron gas layer, While, in a MESFET, this refers to the 
thickness of the depletion layer under the gate electrode. 
NoW, referring to the ?gures, the point described above is 
explained in detail beloW. 

[0044] FIG. 3 is a schematic vieW shoWing a structure of 
a GaN based HEMT. Herein, upon a sapphire substrate 2, a 
GaN based semiconductor epitaxial groWth layer 3 is laid 
and, on its surface, a gate electrode 4 and a pad electrode 5 
are formed. In this ?gure, source and drain electrodes, 
interconnections and the likes are omitted. On the back face 
of the sapphire substrate 2, a ground conductor layer 1 is set. 
The pad electrode ?lls the role of supplying the transistor 
With electric poWer fed from the outside. In the transistor 
having such a structure, parasitic capacitances C1 and C2 are 
generated immediately under the gate electrode 4 and imme 
diately under the pad electrode 5, respectively, as illustrated 
in the ?gure. The amounts of C1 and C2 can be expressed as 
folloWs: 

5m sepi (A) 
C2 = soispad =50 5m; Spud/[act 

sepi [Sub + 8m; [epi 

C1 = 50 sepi SgtZIE/IGCI (B) 

[0045] Where 

[0046] Spad is the area of the pad electrode 5; 

[0047] S is the area of the gate electrode 4; gate 

[0048] esub is the relative permittivity of the sapphire 
substrate 2; 

[0049] eepi is the relative permittivity of the GaN 
based semiconductor epitaxial groWth layer 3; 

[0050] 
[0051] tepi is the thickness of the GaN based semi 

conductor epitaxial groWth layer 3; and 

[0052] tact is the effective thickness of the GaN based 
semiconductor epitaxial groWth layer 3. 

[0053] While the GaN based semiconductor epitaxial 
groWth layer is normally equal to or less than 1 pm, and for 
instance, Within 0.02 to 0.05 pm in thickness, the substrate 
thickness is, for example, as large as 10 pm so that the 
approximation presented in Equation (A) can be accepted. If 
the amount of the parasitic capacitance C2 due to the pad 

tSub is the thickness of the sapphire substrate 2; 
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electrode is made to be Within 10% and preferably Within 
5% of the amount of the parasitic capacitance C1 due to the 
gate electrode, degradation of high frequency characteristic 
for a transistor can be suppressed. With the condition of 10% 
limit being taken, the contribution of the parasitic capaci 
tance C2 becomes signi?cant, When condition folloWing is 
satis?ed: 

[0054] Substituting the above Equations (A) and (B) into 
this equation, the folloWing Equation (1) is given. 

8m; Spad (1) 
[Sub § 10 a 

Sept‘ Sgate 

[0055] When a substrate thickness satisfying this equation 
is taken, the contribution of the parasitic capacitance under 
the pad electrode becomes signi?cant and, thus, an applica 
tion of the present invention that reduces the relative per 
mittivity in the direction of the substrate thickness becomes 
even more effective. That is, aiming at success in improving 
heat radiation characteristic and reducing the parasitic 
capacitances in the direction of the substrate thickness, it is 
preferable to make the substrate thickness as thin as pos 
sible. HoWever, in conventional techniques making use of a 
C plane of sapphire, not only the mechanical strength of the 
substrate is insuf?cient but also a problem of generation of 
the parasitic capacitance under the pad electrode may arise 
if a substrate thickness satisfying Equation (1) is taken so 
that there is a limitation to thin the substrate. In contrast, 
according to the present invention Which reduces the relative 
permittivity in the direction of the substrate thickness, since 
the absolute value of the parasitic capacitance under the pad 
electrode can be lessened, the contribution of the parasitic 
capacitance under the pad electrode can be eliminated even 
if the sapphire substrate is made thin; and degradation of 
high frequency characteristic of the FET can be also pre 
vented. 

[0056] Herein, the values of respective parameters are 
normally in the folloWing ranges. 

[0057] spad/sgate; 10 to 1000 

[0058] esub: 9.4 to 11.4 

[0059] eepi: approximately 9.0 

[0060] tsubz 10 to 600 pm (beloW 10 pm, a faulty 
operation of the transistor may arise) 

[0061] t 0.02 to 0.05 pm act ' 

[0062] Taking the above ranges of the parameters into 
consideration, the range Where the contribution of the para 
sitic capacitances under the pad electrode becomes signi? 
cant is expressed by 

[M3250 ,um. 

[0063] Similarly, if the condition of 5% limit is taken, in 
the range of 

[M32100 ,um, 

[0064] the contribution of the parasitic capacitances under 
the pad electrode becomes noticeable. 
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[0065] The above explanation is concerned With the range 
of the substrate thickness Where the effects of the present 
invention become more evident, taking a HEMT as an 
example, but the similar holds for a MESFET. In the case of 
a HEMT, tact is the distance betWeen the gate electrode and 
the tWo-dimensional electron gas layer. In the case of a 
MESFET, by de?ning tact as “the thickness of the depletion 
layer under the gate electrode”, the similar argument to the 
above can be applied thereto, and thus Equation (1) is 
applicable to every transistor. Further, as the values of 
respective parameters normally employed for a MESFET 
are similar to those mentioned above, the range of tSub 
expressed by Equation (1) is also applied to every transistor. 

[0066] NoW, referring to the draWings, the preferred 
embodiments of the present invention are described beloW. 

[0067] FIG. 1 is a couple of vieWs shoWing a structure of 
an AlGaN/GaN heterojunction FET of the present embodi 
ment. A manufacturing process of these FETs is described 
beloW. 

[0068] First, an A plane sapphire (the basal plane is a 
(11-20) plane) With a diameter of 8 inches is prepared. After 
cleaning the substrate surface, an annealing is performed in 
oxygen or hydrogen under the condition, for example, such 
as at the temperature of 1200° C. and for 60 minutes. In 
addition to this annealing, an appropriated selection of a 
groWth rate of a semiconductor layer can make the gallium 
nitride based semiconductor layer groW stably in the direc 
tion of a C axis. The defect density of the obtained semi 
conductor layer can be also made relatively small. 

[0069] The groWth of the gallium nitride semiconductor 
layer can be conducted, for example, by the MOVPE 
(Metallo-Organic Vapour Phase Epitaxy) method, as fol 
loWs. First, at a loW temperature of 400 to 650° C., a buffer 
layer 12 of AlN or GaN is formed. After raising the 
temperature, an epitaxial layer 13 is groWn that comprises a 
gallium nitride based semiconductor material, Which is to 
constitute the FET. 

[0070] Using a resist as a mask, N ions are then implanted 
in so as to isolate an n-layer. The implantation condition is 
that, for example, an accelerating energy is 100 keV and a 
dose density 1014 cm_2. 

[0071] Next, after Ti and A1 are laid by the lift-off tech 
nique, an annealing is carried out to form a source electrode 
15, a drain electrode 17 and a pad electrode (not shoWn in 
the draWing). The thicknesses of Ti and A1 are set to be, for 
example, 20 nm and 200 nm, respectively. The annealing is 
carried out, for example, at 650° C. for 30 seconds in 
nitrogen atmosphere. 

[0072] Next, Ni and Au are laid by the lift-off technique to 
form a gate electrode 16. The thicknesses of Ni and Au are 
set to be, for example, 20 nm and 200 nm, respectively. 

[0073] Subsequently, an oxide ?lm or a SiN ?lm for a 
protective ?lm is groWn and through holes for making 
contact are formed, and then, by the step of gold plating, an 
interconnection section is formed. After that, a Wafer on 
Which devices are formed is thinned to a thickness of 10 to 
50 pm by such a means as polishing, and, then, broken into 
chips by dicing. In dicing, it is preferable to utiliZe (0001) 
planes and (1-100) planes. By conducting dicing after scrib 
ing along intersections of these planes ?rst, dicing can be 
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carried out relatively easily. Thereby, a PET With a structure 
shown in FIG. 1 can be obtained. 

[0074] NoW, for a high frequency PET, in order to enhance 
a high frequency performance, the reduction of parasitic 
capacitance due to the drain electrode, Which functions as a 
signal output electrode, is a matter of more importance. In 
the present embodiment, the layout in plane of the PET is set 
to satisfy a prescribed condition, for that purpose. 

[0075] The state of the electric ?eld in a PET of the present 
embodiment, When operating, is illustrated in FIG. 1(b). In 
FIG. 1(b), a line of electric force 18 draWn from the source 
to the gate corresponds to a parasitic capacitance Cgs 
betWeen the gate and the source, While a line of electric force 
19 draWn from the drain to the gate corresponds to a 
parasitic capacitance Cgd betWeen the gate and the drain. 
Further, a line of electric force 20 draWn from the source to 
the drain correspond to a parasitic capacitance Cds betWeen 
the drain and the source. 

[0076] MeanWhile, the cut-off frequency fT of the FET, 
dependent on the Cgd and Cds, both of Which are parasitic 
capacitances attributed to the drain electrode, can be 
expressed approximately by the folloWing equation, When 
the transconductance is denoted by Gm. 

[0077] Here, Cgd is dependent on the relative permittivity 
of the epitaxial layer 13 and hardly affected by the relative 
permittivity of the sapphire substrate 11. On the other hand, 
in respect of Cds, a line of electric force 20 corresponding to 
it passes through the sapphire substrate 11, and its value 
depends partially on the relative permittivity of the sapphire 
substrate 11. 

[0078] Taking the above into consideration, the present 
inventors conducted device simulations for a PET having a 

gate length of 1 pm, a source-drain gap of 3 pm and a GaN 
?lm thickness of 0.5 pm, assuming that relative permittivity 
of the substrate there for is 9.3 or 11.5. In a model Wherein 

the relative permittivity of the substrate Was 9.3, the result 
ing cut-off frequency in the saturation region With VDD=10 
V Was estimated to be 24.5 GHZ. In the other model Wherein 

the relative permittivity of the substrate Was 11.5, the cut-off 
frequency Was estimated to be 23.3 GHZ, indicating clearly 
there Was a difference of about 5% betWeen these tWo 

models. In effect, the operational speed changes by 5% With 
the direction in Which the PET is placed on an A plane 
sapphire. If the gate electrode, the source and drain elec 
trodes are disposed to lie parallel to the C axis of sapphire, 
the speed of PET operation increases by about 5%, com 
pared With that of the case in Which the lying direction is 
perpendicular thereto. 

[0079] Next, the results of investigations of the relation 
ship betWeen the layout and the performance of the FET are 
shoWn beloW. When the angle (the deviating angle) forming 
betWeen the direction along Which the gate electrode and the 
source and drain electrodes of the FET lie and the C axis of 
the sapphire substrate is taken as 0t, as shoWn in FIG. 2(b), 
the relationship betWeen 0t and the amount of speed reduc 
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tion (the amount of speed reduction given by comparison 
With the speed at ot=0) is as shoWn in the folloWing table. 

TABLE 1 

Deviating Angle Amount of Speed 
or (degree) Reduction (%) 

0 0 
12 0.1 
16 0.2 
20 0.3 

[0080] As, in practice, it is desirable to keep the amount of 
speed reduction 0.3% or less, in other Words, to make the 
operational speed 99.7% or more of the maximum speed, the 
deviating angle a With respect to the direction in the layout 
to provide the maximum speed is preferably set to be 20° or 
less. 

[0081] Further, When the sapphire A plane is utiliZed, the 
anisotropy of the permittivity exists on the plane for device 
formation, Which results in a difference in signal propagation 
characteristic betWeen pair-transistors and becomes a factor 
to cause a distortion in the operational ampli?er and the like. 
The amount of this distortion Which is proportional to the 
square value of sin 0t has the relationship listed in the 
folloWing table. 

TABLE 2 

Deviating Angle Amount of 
or (degree) Distortion (%) 

6 1 
10 3 
30 25 
45 50 
90 100 

[0082] As in practice, it is desirable that the amount of 
distortion is kept to be preferably 3% or less and more 
preferably 1% or less, set to be preferably 100 or less and 
more preferably 6° or less With a vieW to reducing the 
amount of distortion. 

[0083] Accordingly, in the present embodiment, the layout 
in plane of the PET is set as shoWn in FIG. 2(b) and an angle 
0t made betWeen the direction along Which the gate electrode 
16, the source 15 and drain electrodes 16 lie and the 
direction of the sapphire C axis is set to be Within 6°. The 
direction of the drain current is, therefore, substantially 
perpendicular to the sapphire C axis. Through this arrange 
ment, a PET With an excellent performance in high-speed 
operation can be obtained. 

[0084] Further, the structural relationship betWeen a PET 
of the present embodiment and the pad electrode as Well as 
the substrate is expalned in FIG. 3. Herein, the values of 
respective parameters are as folloWs: 

[0085] spad/sgate is 100; 

[0086] esub is 9.4; 

[0087] eepi is approximately 9.0; 

[0088] tSub is 10 to 100 pm; and 

[0089] tact is 0.02 to 0.05 pm. 
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[0090] As described above, the substrate thickness With 
Which a contribution of the parasitic capacitance due to the 
pad electrode becomes signi?cant is given by the following 
Equation 

5m; Spad (1) 
[Sub § 10 a 

Sepi Sgate 

[0091] Taking the above ranges of the parameters into 
consideration, in an example of the present embodiment, the 
contribution of the pad electrode parasitic capacitance 
becomes signi?cant in the range of 

sub: 

[0092] In the present embodiment, the substrate thickness 
is set to be 10 to 50 pm from the point of vieW of improving 
heat radiation characteristic and reducing parasitic capaci 
tances in the direction of the substrate thickness. When the 
device is formed on a sapphire C plane as the conventional 
one, With a substrate thickness of this sort, the pad electrode 
parasitic capacitances cause a problem. In contrast, in the 
present embodiment, such a problem is solved, because an 
Aplane of sapphire is utiliZed as a plane for device forma 
tion. 

EXAMPLES 

Example 1 

[0093] FIG. 1 shoWs the structure of an AlGaN/GaN 
hetero junction FET of the present example. This PET was 
fabricated by a process Which comprises the steps of groW 
ing a gallium nitride semiconductor layer upon an A plane 
sapphire substrate (the basal plane thereof is a (11-20) plane) 
With a diameter of 8 inches, forming electrodes and so on, 
and thereafter polishing to a thickness of 30 pm and then 
breaking into chips. 

[0094] A manufacturing method Was the similar one to 
that mentioned in DETAILED DESCRIPTION OF THE 
INVENTION above. An annealing after cleaning of the 
substrate Was performed in oxygen at 1200° C. The groWth 
temperature for a loW-temperature buffer layer Was set at 
about 650° C., and for other layers at about 1050° C., 
respectively. An epitaxial layer 12 Was made to have a 
structure Wherein the folloWing layers Were laid in this 
order: that is 

[0095] 
mm); 

[0096] 
[0097] a non-doped AlO_2Ga0_8N layer (With a thick 

ness of 5 nm); 

a x cm- 1- ope O2 aO_8 ayer 0098 4 1018 3 S' d d Al G N 1 
(With a thickness of 15 nm); and 

[0099] a non-doped AlO_2Ga0_8N layer (With a thick 
ness of 5 nm). 

an AlN buffer layer (With a thickness of 100 

a GaN layer (With a thickness of 0.5 pm); 

[0100] Further, dicing Was performed by utiliZing (0001) 
plane and (1-100) plane. 
[0101] In the present example, the layout in plane of the 
PET was set, as shoWn in FIG. 2(a), Where directions along 

Apr. 25, 2002 

Which a gate electrode 15, source 15 and drain electrodes 16 
lie Was substantially parallel to the sapphire C axis. The 
direction of the drain current is, thus, substantially perpen 
dicular to the sapphire C axis. As the orientation of the C 
axis Within a Wafer can be found out beforehand through 
measurements of X-ray analysis or such, it can be easily 
recogniZed by marking its direction With a notch or the like. 
Further, in mask design, if interconnections betWeen FETs 
are laid in the direction parallel or perpendicular to that of 
the FETs, the area of a rectangular chip can be utiliZed 
effectively. Further, coplanar lines may be employed for 
interconnections and, in such a case, it is preferable to adjust 
impedances by varying spacing betWeen lines, While taking 
the difference in permittivity into consideration. 

[0102] Further, in a PET of the present example, the values 
of afore-mentioned parameters Were as folloWs: 

[0103] spad/sgate is 100; 

[0104] esub is 9.4; 

[0105] eepi is approximately 9.0; 

[0106] tSub is 30 pm; and 

[0107] tact is 0.05 pm. 

[0108] By substituting the above parameters into the 
afore-mentioned Equation (1), the range of the substrate 
thickness Where the contribution of the parasitic capaci 
tances due to the pad electrode becomes signi?cant is given 
by 

[M3552 ,urn. 

[0109] In the present example, the substrate thickness Was 
set to be 30 pm With a vieW of improving heat radiation 
characteristic and reducing parasitic capacitances in the 
direction of the substrate thickness. When the device is 
formed on a sapphire C plane as the conventional one, With 
a substrate thickness of this sort, the pad electrode parasitic 
capacitances cause a problem. In contrast With this, in the 
present example, such a problem is solved, because an A 
plane of sapphire is utiliZed as the plane for device forma 
tion. 

[0110] A PET obtained in the present example demon 
strated to have excellent productivity, heat radiation char 
acteristic and performance in high speed operation. 

Reference Example 1 

[0111] Subjecting a HEMT shoWn in FIG. 8 to analysis 
Where a GaN based semiconductor layer 81 is formed upon 
a sapphire substrate 80 and a source electrode 82, a gate 
electrode 83 and a drain electrode 84 are formed thereon, the 
dependences of thermal resistance and surface average tem 
perature on substrate thickness Were obtained by simulation. 
The calculated results are shoWn in FIG. 7. The thermal 
resistance and surface average temperature each decrease 
With decreasing the substrate thickness, and shoW a marked 
decrease, especially in the region of thickness of 50 pm or 
less. These results con?rm that, by setting the thickness of 
the sapphire substrate to be 50 pm or less, a noticeable effect 
to heat radiation can be attained. 

Reference Example 2 

[0112] A sapphire substrate With a thickness of 300 pm 
Wherein an Aplane Was set to be the basal plane and another 
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sapphire substrate With a thickness of 300 urn wherein a C 
plane Was set to be the basal plane Were prepared, and, after 
grinding, close inspection of their aspects Were conducted. 
In the sapphire substrate Wherein a C plane Was set to be the 
basal plane, cracks appeared When its thickness becarne 70 
urn or so. In contrast With this, in the sapphire substrate 
Wherein an Aplane Was set to be the basal plane, cracks did 
not appear, even When the substrate thickness becarne as thin 
as 30 pm, showing nothing abnormal in appearance. 

Summary of Disclosure 

[0113] As set forth above, in the present invention, upon 
an Aplane of a single sapphire substrate, a group III nitride 
semiconductor layer is formed to construct a PET. This 
makes it possible to provide a good productivity as Well as 
to improve heat radiation characteristic. Further, as the 
layout in plane of the PET is selected to satisfy a prescribed 
condition, a good performance in high speed operation can 
be achieved. 

What We claim is: 
1. A semiconductor device which comprises a group III 

nitride semiconductor layer formed on a single crystal 
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sapphire substrate, a source electrode and a drain electrode 
forrned apart from each other on the surface of said group III 
nitride semiconductor layer, and a gate electrode formed 
between said source electrode and said drain electrode; 
Wherein 

said group III nitride semiconductor layer is formed on an 
A plane of said single crystalline sapphire substrate; 
and the source electrode, the drain electrode and the 
gate electrode are formed to lie along a direction Which 
makes an angle Within 20° With a C aXis of said single 
crystalline sapphire substrate. 

2. A semiconductor device according to claim 1, Wherein 
said group III nitride semiconductor layer comprises an 
operation layer and an electron supply layer formed thereon, 
and a two-dimensional electron gas is formed at the interface 
of these layers. 

3. A semiconductor device according to claim 1 or 2, 
Wherein a thickness of said sapphire substrate is 100 urn or 
less. 


