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TOO 

The present invention provides a method for manufacturing 
a semiconductor device comprising a III-V semiconductor 
substrate, and an insulating layer deposited on the substrate 
by Atomic Layer Deposition The use of ALD to 
deposit the insulating layer Was found to facilitate the 
creation of active devices that avoid Fermi layer pinning. In 
addition, such insulating layer may be advantageously used 
as a passivation layer in III-V substrate based active devices 
and transistors. 
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PROCESS FOR SEMICONDUCTOR DEVICE 
FABRICATION IN WHICH A INSULATING LAYER 

IS FORMED ON A SEMICONDUCTOR 
SUBSTRATE 

TECHNICAL FIELD OF THE INVENTION 

[0001] The present invention is directed, in general, to a 
semiconductor device and, more speci?cally, to a semicon 
ductor device having an insulating layer formed on a III-V 
semiconductor substrate by Atomic Layer Deposition and a 
method of manufacture thereof. 

BACKGROUND OF THE INVENTION 

[0002] High speed active device applications in the tele 
communication industry based on III-V semiconductors 
offer a number of advantages over devices based on Silicon 
semiconductors. The broad application of III-V semicon 
ductors in such devices has been problematic, hoWever. It 
has been dif?cult, for eXample, to incorporate GaAs into 
metal oXide semiconductor ?eld effect transistors (MOS 
FETs). Speci?cally, it has proven dif?cult to form an insu 
lating layer of oXide or high dielectric constant material on 
GaAs semiconductor substrates and still obtain a functional 
device. 

[0003] It is thought that the Fermi level of the GaAs 
semiconductor substrate at an interface betWeen the GaAs 
and the insulating layer is substantially pinned, arising from 
a poor-quality interface characteristic of III-V surfaces, 
resulting in an MOSFET that has inadequate performance 
characteristics for functional device applications. Inad 
equate performance characteristics associated With pinning 
include insensitivity in a change in the MOSFET’s drain 
current in response to a bias voltage applied to the gate for 
a given input voltage. This may manifest, for eXample, as a 
loW transconductance or by an inability of the drain current 
to change as the bias voltage changes from positive or 
negative or vice versa. 

[0004] The use of III-V semiconductors has therefore been 
limited largely to devices, such as metal semiconductor ?eld 
effect transistors (MESFETs), that do not have an insulating 
layer on the III-V semiconductor. High leakage currents 
remain a draWback of such devices, because there is an 
inherently loW energy barrier (about 0.7 eV) betWeen the 
III-V semiconductor and the overlying conducting layer. The 
use of such III-V based MESFETs is also problematic in 
high voltage applications, such as base stations of cell phone 
systems Where it is desirable to amplify a Weak RF signal. 
In such applications, a high positive voltage (e.g., in eXcess 
of about 2 V) can not be applied to the gate. If a high positive 
voltage is applied then a current may run betWeen the gate 
and the drain or source along the surface of the III-V 
semiconductor, thereby causing a breakdoWn of the MES 
FET. 

[0005] Accordingly, What is needed in the art is a semi 
conductor device and method of manufacturing thereof that 
does not exhibit the limitations of the prior art. 

SUMMARY OF THE INVENTION 

[0006] To address the above-discussed de?ciencies of the 
prior art, the present invention provides a method of manu 
facturing a semiconductor device. The method includes 
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providing a III-V semiconductor substrate and depositing by 
Atomic Layer Deposition, an insulating layer on the III-V 
semiconductor substrate. Another embodiment of the 
present invention is an active device comprising the above 
described III-V semiconductor substrate and insulating layer 
on the substrate. 

[0007] Still another embodiment is directed to a transistor, 
comprising a III-V semiconductor substrate, a gate located 
on the III-V semiconductor substrate, a source and a drain 
formed in or on said III-V semiconductor substrate, and the 
above-described insulating layer. The insulating layer is 
deposited on the III-V semiconductor substrate, by Atomic 
Layer Deposition, betWeen at least one of the source or drain 
regions and the gate. Moreover, the insulating layer is 
capable of acting as a passivation layer to hinder surface 
currents When a bias voltage is applied to the gate. 

[0008] The foregoing has outlined preferred and alterna 
tive features of the present invention so that those of 
ordinary skill in the art may better understand the detailed 
description of the invention that folloWs. Additional features 
of the invention Will be described hereinafter that form the 
subject of the claims of the invention. Those skilled in the art 
should appreciate that they can readily use the disclosed 
conception and speci?c embodiment as a basis for designing 
or modifying other structures for carrying out the same 
purposes of the present invention. Those skilled in the art 
should also realiZe that such equivalent constructions do not 
depart from the scope of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] The invention is best understood from the folloW 
ing detailed description When read With the accompanying 
FIGUREs. It is emphasiZed that in accordance With the 
standard practice in the semiconductor industry, various 
features may not be draWn to scale. In fact, the dimensions 
of the various features may be arbitrarily increased or 
reduced for clarity of discussion. Reference is noW made to 
the folloWing descriptions taken in conjunction With the 
accompanying draWings, in Which: 

[0010] FIG. 1 illustrates, by How diagram, a method of 
manufacturing a semiconductor device according to the 
principles of the present invention; 

[0011] FIG. 2 illustrates a sectional vieW of an exemplary 
active device of the present invention; 

[0012] FIG. 3 illustrates a sectional vieW of an eXemplary 
transistor device of the present invention; 

[0013] FIG. 4 illustrates the relationship betWeen current 
and voltage applied betWeen source and drain for different 
bias voltages applied to the gate for an eXemplary MOSFET 
device constructed according to the principles of the present 
invention; and 

[0014] FIG. 5 illustrates the relationship betWeen capaci 
tance and bias voltage applied to the gate of an eXemplary 
MOS capacitor device for three different frequencies and 
measured from a negative to positive and then a positive to 
negative applied bias voltage. 

DETAILED DESCRIPTION 

[0015] The present invention recogniZes for the ?rst time 
that Atomic Layer Deposition (ALD) may be used to advan 
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tageously deposit an insulating layer on a III-V semicon 
ductor substrate, to produce a active device Where the 
substrate has an unpinned Fermi Level. Alternatively, the 
insulating layer may be used as a passivation layer to hinder 
surface currents in high voltage transistor power applica 
tions. Though not limiting the scope of the invention by 
theory, it is thought the deposition of the insulating layer via 
ALD helps to substantially reduce traps at the surface of the 
substrate that lead to pinning. 

[0016] Referring initially to FIG. 1, illustrated by How 
diagram is a method of manufacturing a semiconductor 
device 100 according to the principles of the present inven 
tion. The method 100 comprises providing a III-V semicon 
ductor substrate 110; and depositing by Atomic Layer Depo 
sition an insulating layer on the III-V semiconductor 
substrate 120. 

[0017] Any conventional III-V semiconductor substrate 
may be used in the present invention. In certain preferred 
embodiments, for example, the substrate comprises GaAs, 
InP, or GaN. Other preferred embodiments include AlGaAs 
or InGaAs surfaces on GaAs-based substrates; InGaAs or 
AlInAs surfaces on InP-based substrates; and an AlGaN 
surface on GaN-based substrates. In other advantageous 
embodiments, the III-V semiconductor substrate has an 
epiready surface thereon. The term epiready surface as used 
herein, refers to a III-V semiconductor substrate having a 
surface, comprising the same III-V material, that has been 
groWn by conventional molecular beam epitaxy, for 
example. Those of ordinary skill in the art are aWare of the 
procedures for preparing epiready III-V semiconductor sub 
strates. 

[0018] The method 100 may also include a step 130 of 
forming an oxide layer on the III-V semiconductor substrate 
before depositing the insulating layer. Any conventional 
process for forming a oxide layer may be used. Forming the 
oxide layer 130 is preferably performed by exposing the 
III-V semiconductor substrate to air. Alternatively, forming 
the oxide layer 130 may be achieved by exposing the III-V 
semiconductor substrate to oZone, or mixtures of air and 
oZone. The temperature and period of exposure should be 
sufficient to alloW the formation of uniform oxide layer over 
the entire surface of the III-V substrate. For example, in 
certain embodiments, the III-V semiconductor substrate is 
exposed to air at room temperature for at least about 5 
minutes. 

[0019] The method 100 may further include a step 140 of 
performing a thermal anneal of the III-V semiconductor 
substrate before depositing the insulating layer. The thermal 
anneal may comprise maintaining the III-V semiconductor 
substrate at a temperature ranging from about 200° C. to 
about 400° C. for betWeen about 5 and 500 minutes. More 
preferably, the thermal anneal comprises maintaining a 
temperature from about 300° C. to about 400° C. for 
betWeen about 5 and 30 minutes. Preferably, the oxide layer 
is formed 1330 prior to the thermal anneal 140, although the 
reverse order is also Within the scope of the present inven 
tion. 

[0020] The step 120 of depositing the insulating layer by 
ALD may include any conventional steps, such as that 
disclosed in US. Pat. No. 4,058,430, to Suntola et al., 
incorporated by reference herein, knoWn to one skilled in the 
art. Typically, depositing by ALD comprises alternating the 
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introduction into a chamber that holds the III-V semicon 
ductor substrate, a ?rst insulating layer precursor and a 
second insulating layer precursor. The ?rst insulating layer 
precursor may comprise any number of metal containing 
compounds commonly used in ALD. Such compounds, for 
example, may include: Al(CH3)3, HfCl4, ZrCl4, TaCl5, Y(2, 
2,6,6-tetramethyl-3,5-heptanedionato)3, La(2,2,6,6-tetram 
ethyl-3,5-heptanedionato)3, SiH4, TiCl4 and mixtures 
thereof. Likewise, the second precursor may comprise any 
compound commonly used to facilitate groWth of the insu 
lating layer. Such compounds, for example, may include: 
H20, H20 and O3, NH3, and mixtures thereof. Additional 
components may include plasma N2, plasma H2, and plasma 
NH3. The chamber is maintained at betWeen about 200 and 
about 600° C., and more preferably betWeen about 250 and 
about 400° C. during deposition 120. An insulating layer of 
any thickness may be deposited by ALD 120, although 
typically the insulating layer is betWeen about 0.5 and about 
100 nm thick. 

[0021] Designating the insulating layer deposited by ALD 
as a ?rst insulating layer, the method 100 may also include 
a step 150 of depositing a second insulating layer. Any 
conventional non-ALD process may be used to form second 
insulting layer. Preferably the process is capable of forming 
the second insulting layer more rapidly than the ?rst layer 
that Was formed by ALD. Examples of such processes 
include electron beam evaporation; sputtering; plasma 
assisted deposition; and metal-organic chemical vapor depo 
sition. In certain applications, for example, Where the device 
manufactured is a MOSFET, the second insulating layer 
thickness may range betWeen about 50 and about 500 nm. 

[0022] The method 100 may additionally include a step 
160 of performing a second thermal anneal after depositing 
the insulating layer. In certain embodiments, the second 
thermal anneal is a rapid thermal anneal, performed at a 
temperature ranging from about 400° C. to about 800° C. for 
betWeen about 1 and about 600 seconds. The second anneal 
may be performed in the presence of an inert gas such as 
Argon, Nitrogen and Helium. In certain preferred embodi 
ments, the second thermal anneal is performed at a tempera 
ture ranging from about 600° C. to about 650° C. for 
betWeen about 30 and about 60 seconds. Moreover, the 
second anneal may be advantageously performed in the 
presence of an oxidiZing gas such as oxygen, nitric oxide, 
nitrous oxide and oZone. 

[0023] In certain preferred embodiments, the semiconduc 
tor device is a MOSFET, the method 100 may further 
include the steps of forming a gate 170, source 180 and drain 
185 regions and a channel region 190 betWeen the source 
and drain regions using conventional processes. As further 
discussed beloW, such MOSFET devices have desirably loW 
trap densities and high transconductance and other favorable 
electrical properties. 

[0024] Moreover, the high thermal stability of certain 
III-V substrates such as GaAs, and certain insulating layers 
such as A1203, HfO2 or ZrO2, facilitates the use of desirable 
high temperature processing steps for the production of 
enhancement mode MOSFET devices. For example, the 
channel region can be formed by conventional methods 
knoWn to those skilled in the art, such as by molecular beam 
epitaxial groWth of a p-doped channel. Examples of a p-type 
dopants are Zinc or beryllium. A distinct advantage of the 
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present invention lies in the formation of the highly doped 
source and drain regions of the device. Using gate insulators 
With high thermal stability, as afforded by the present 
invention, alloWs the formation of a very small gate lengths, 
With self-aligned gate and source/drain regions after the 
insulating gate dielectric and conducting gate electrode have 
been deposited. To form highly doped n+ source and drain 
regions, as is required for enhancement-mode devices, fur 
ther discussed beloW, an n-type dopant, such as Si, can be 
ion implanted into the source and drain regions. This is 
folloWed by thermal activation (i.e., betWeen about 700° C. 
and 800° C.) of the implanted dopants, to form the n+ doped 
source and drain regions. This process alloWs precise align 
ment betWeen the gate and source and drain regions, and 
thereby facilitates the use of self-aligned, smaller gate 
lengths for enhancement-mode devices. 

[0025] The present invention also alloWs processing of 
greatly improved depletion-mode devices, Which operate in 
a “normally on” mode, meaning that there is current flow 
through the channel and drain regions, even When there is no 
bias voltage on the gate. For such a depletion-mode device, 
the n-type channel can be formed by conventional methods 
knoWn to those skilled in the art, such as epitaXially by 
molecular beam epitaXy (MBE) or metal-organic chemical 
vapor deposition (MOCVD) of an n-doped channel. Analo 
gous to that discussed above, to form highly doped n+ 
source and drain regions, as is required for depletion-mode 
devices, an n-type dopant, such as Si, can be ion implanted 
into the source and drain regions. Again, this is folloWed by 
thermal activation (i.e., betWeen about 700° C. and 800° C.) 
of the implanted dopants, to form the n+ doped source and 
drain regions. As With enhancement-mode devices, this 
process alloWs precise alignment betWeen the gate and 
source and drain regions, and thereby facilitates the use of 
self-aligned, smaller gate lengths for depletion-mode 
devices. 

[0026] FIG. 2 illustrates an eXemplary embodiment of an 
another aspect of the present invention, an active device 200. 
The device 200 comprises a III-V semiconductor substrate 
210 and an insulating layer 220 deposited on the III-V 
semiconductor substrate 210 by Atomic Layer Deposition. 

[0027] Any of the methods and preferred embodiments 
described herein may be used to fabricate the active device 
200. In certain embodiments, an interface region 215 of the 
III-V semiconductor substrate 210 betWeen the substrate 210 
and the insulating layer 220 has a trap density of less than 
abozut 1012 traps/cm2, and more preferably, betWeen about 
10 and about 1011 traps/cm2. The term trap density refers to 
electrically active defects in the III-V semiconductor sub 
strate that are capable of trapping charge carriers, resulting 
in Fermi level pinning, loW transconductance and other 
deleterious effect Well knoWn to those of ordinary skill in the 
art. 

[0028] The insulating layer 220 may be comprised of any 
conventional insulating material used in semiconductor 
applications and conducive With being applied by ALD. The 
insulating layer 220 may be comprised of SiO2 or Si3N4, for 
eXample. More preferably, the insulating layer 220 has a 
dielectric constant of greater than about 8. The term dielec 
tric constant as used herein refers to the multiplicative factor 
of the dielectric constant of the material of interest, as 
compared to the dielectric constant of air (about 885x10“14 
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farad/cm). The term “high K dielectric” as used herein refers 
to a material Whose dielectric constant relative to air is at 
least about 8. Examples of such high K dielectric materials 
include HfO2, ZrO2, Ta2O5, TiO2, 2O3, La2O3, HfN and 
AlN. 

[0029] Even more preferably, the insulating layer 220 
comprises A1203. A1203 is a preferred insulating material 
because, in addition to having a high dielectric constant, an 
insulating layer 220 comprised of A1203 has a high band gap 
(e.g., about 9 eV). Therefore, MOSFET devices including 
such structures can tolerate higher applied bias voltages 
before breaking doWn. Moreover, A1203 has high thermal 
stability, being stable at temperatures up to at least about 
1000° C. Thus, the use of A1203 as an insulating layer 220 
is conducive With various conventional high temperature 
processing steps used in the fabrication of active devices 
described herein. 

[0030] The device 200 may further include an oXide layer 
230 on the III-V semiconductor substrate 210 betWeen the 
substrate 210 and the insulating layer 220. In certain 
embodiments, the oXide layer 230 has a thickness of, for 
eXample, betWeen about 0.5 nm and about 1 nm. An oXide 
layer 230 is preferred because this is thought to facilitate a 
reduction in trap density in cooperation With deposition of 
the insulating layer 220 via ALD. 

[0031] One preferred embodiment of the active device 200 
is a MOSFET. In such embodiments, the device 200 further 
includes a source and a drain region 240, 250 located in or 
on the III-V semiconductor 210, a gate 260 on the insulating 
layer 220 and channel region 270 betWeen the source 240 
and drain 250. The source and drain 240, 250 may be 
comprised of any conventional materials, such as Germa 
nium, Gold, Nickel and stacked combinations or miXtures 
thereof. Similarly, any conventional conductive material 
may be used as the gate 260. Non-limiting eXamples of gate 
materials include Aluminum, Titanium, Gold, Silver, Plati 
num, refractory metals selected from the group consisting of 
Tungsten, Rhenium, Tantalum, Molybdenum and Niobium, 
a refractory metal silicide of any of the above-mentioned 
metals, such as WSi2, polysilicon, polycide and combina 
tions thereof. In certain preferred embodiments a stack of 
Titanium on Gold is used as the gate 260. 

[0032] In other preferred embodiments, for eXample, 
When the device 200 is a MOSFET, the MOSFET is capable 
of operating When either a positive or a negative bias voltage 
is applied to the gate 260. In certain embodiments, for 
eXample, the positive bias voltage is up to about 30 V and 
the negative bias voltage is up to about —30 V. Moreover, in 
other embodiments, as further illustrated in the Experimen 
tal section to folloW (FIG. 5), the MOS capacitor shoWs that 
the Fermi level is not pinned, since the capacitor can achieve 
depletion and accumulation under varying gate voltage 
biases, With the expected characteristic behavior. Similarly, 
the Channel region 270 may be formed by any conventional 
techniques, such as molecular beam epitaXy (MBE) or 
metalorganic chemical vapor deposition (MOCVD). 

[0033] In other preferred embodiments, When the device 
200 is a MOSFET, the device 200 has a transconductance of 
greater than about 2 mS/mm, more preferably about 30 
mS/mm, and even more preferably betWeen about 100 and 
about 130 mS/mm. The term transconductance (Gm) as used 
herein refers to current flow in the channel of a ?eld effect 
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transistor. Transconductance may be calculated from the 
linear portion of plots, such as that discussed in the Experi 
mental section to folloW (FIG. 4), to provide a slope in units 
of in milliSiemens per mm of gate Width (mS/mm). 

[0034] In still other preferred embodiments, the device 
200 is an enhancement mode MOSFET. The term enhance 
ment mode MOSFET as used herein, refers to a MOSFET 
device that, in the absence of an applied bias voltage, is in 
an “off” (i.e., nonconducting) state. An enhancement mode 
MOSFET comprise a p-type dopant formed in a channel 
region 270 in the III-V semiconductor substrate 210, using 
the processes such as ion implantation, MBE or MOCVD 
groWn p-type doped epi-layer, as discussed elseWhere 
herein. Enhancement mode MOSFETs are advantageous in 
portable device applications, Where it is desirable not to 
draW on a limited poWer supply, such as a battery, When the 
device is not in use. Another advantegous application in the 
fabrication of Complementary MOS logical circuits, in 
particular, the fabrication of n-type and p-type devices 
integrated on the same semiconductor logic chip. 

[0035] In other embodiments, hoWever, the device 200 
may be a depletion mode MOSFET. The term depletion 
mode MOSFET as used herein, refers to a device 200 that in 
the absence of an applied bias voltage, is in an “on” state, 
meaning that the device 200 draWs current from a poWer 
supply. Depletion mode MOSFETs comprise a n-type 
dopant formed in a channel region 270 in the III-V semi 
conductor substrate 210, via conventional processes such as 
a n-type epitaxial layer groWn by MBE, MOCVD or 
implanted With an n-type dopant such as Si. 

[0036] In another preferred embodiment of the active 
device 200, further includes the insulating layer 280, 
betWeen at least one of the source region 240 and the gate 
260, or the insulating layer 285 betWeen the drain region 250 
and said gate 260. Such insulating layers 280, 285 are 
capable of acting as a passivation layer to hinder surface 
currents When a bias voltage is applied to the source 240, 
drain 250 or gate 260. Typically, for example, bias voltage 
is applied to the source 240, drain 250 and gate 260, Where 
one or more of the bias voltages, for example on the source 
240, equals Zero volts. 

[0037] FIG. 3 illustrates an exemplary embodiment of an 
another aspect of the present invention, a transistor 300. 
Using a numbering scheme analogous to that used in FIG. 
2, the transistor 300 includes a III-V semiconductor sub 
strate 310, a conventionally formed gate 360 located on said 
III-V semiconductor substrate 310, a conventionally formed 
source and drain 340, 350 formed in or on said III-V 
semiconductor substrate 310. The insulating layer 320 is 
deposited on the III-V semiconductor substrate by ALD as 
described elseWhere herein. In contrast to the device 200 in 
FIG. 2, hoWever, the insulating layer 320 is in regions 322, 
324 betWeen at least one of the source or drain region 340, 
350 and the gate 360. The insulating layer 320 is capable of 
acting as a passivation layer to hinder surface currents When 
a bias voltage is applied to the source 340, drain 350 and 
gate 360. As noted above, typically bias voltage is applied to 
the source 340, drain 350 and gate 360. Alternatively, as 
depicted in FIG. 3, the insulating layer 320 may be depos 
ited over the entire surface of the transistor 300. 

[0038] In certain preferred embodiments, the transistor 
300 is a MESFET used in high voltage poWer applications. 
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In such embodiments, the transistor 300 may further com 
prise an undoped III-V semiconductor buffer layer 312 on 
the III-V semiconductor substrate 310 and a doped III-V 
semiconductor layer 314 on the undoped III-V buffer layer 
312. The dopant in the doped III-V semiconductor may be, 
for example, Silicon, for an n-type channel in a depletion 
mode device, or beryllium or Zinc, for a p-type channel in an 
enhancement-mode device. The III-V semiconductor may 
be GaAs, and the undoped III-V semiconductor buffer layer 
312 may be formed by epitaxial groWth by MBE or 
MOCVD. In such embodiments, the source and drain 340, 
350 and the gate 360 are formed in or on the doped III-V 
semiconductor layer 314. In still other embodiments, the 
insulating layer 320, in addition to being deposited on the 
doped III-V semiconductor layer 314, is also deposited on 
the source and drain 340, 350 and the gate 360. Advanta 
geous embodiments of the transistor 300 may further include 
isolation regions 380, comprised of for example, O+or He“, 
implanted into the III-V semiconductor substrate via con 
ventional ion implantation techniques to improve the elec 
trical isolation of the transistor from other device compo 
nents. 

[0039] Analogous to that discussed for the active device 
200, in certain preferred embodiments, Where the insulating 
layer 320 is designated as a ?rst insulating layer 320, a 
second insulating layer 325 may be deposited on the ?rst 
insulating layer 320, With the second insulating layer 325 
deposited by a non-Atomic Layer Deposition process. 
Examples of such processes include electron beam evapo 
ration; sputtering; plasma assisted deposition; and metal 
organic chemical vapor deposition. Such processes may be 
used When it is desirable to rapidly deposit an additional 
insulating layer 325 on the insulating layer deposited by 
ALD. In such embodiments, for example, When the ?rst 
insulating layer 320 has a thickness betWeen about 1 nm and 
about 50 nm then the ?rst insulating layer 320 plus said 
second insulating layer 325 together have a thickness of at 
least about 500 nm. 

[0040] Having described the present invention, it is 
believed that the same Will become even more apparent by 
reference to the folloWing examples. It Will be appreciated 
that the examples are presented solely for the purpose of 
illustration and should not be construed as limiting the 
invention. For example, although the experiments described 
beloW may be carried out in laboratory setting, one of 
ordinary skill in the art could adjust speci?c numbers, 
dimensions and quantities up to appropriate values for a full 
scale plant. 

EXAMPLES 

[0041] Devices, similar to that depicted in FIG. 2 Were 
made according to the principles of the present invention 
and then the electrical properties of the devices Were tested. 

[0042] A set of active devices included a GaAs semicon 
ductor substrate having a about 70 nm thick n-doped layer 
introduced by a conventional MBE process. The dopant 
concentration Was about 4 ><1017 atoms/cm3 and the dopant 
Was Si. The active device further included a source and drain 
comprising Au/Ge and Ni and formed by a conventional 
Ohmic process. The Width of the channel (Web) betWeen the 
source and drain Was about 100 microns and the channel 
length (Lch) Was about 1 micron. 
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[0043] A native oxide layer Was allowed to form on the 
GaAs substrate by exposing the substrate to air at room 
temperature for about 5 minutes. The substrate Was then 
transferred to the deposition chamber of a commercial 
Atomic Layer Desposition device (Pulsar 2000TM, ASM 
International N.V., Bilthoven, the Netherlands) and heated to 
a temperature of about 300° C. for about 5 minutes, to 
desorb hydrocarbons and prepare the surface for a high 
quality interface With ALD groWth. An about 16 nm thick 
insulating layer of A1203 Was deposited on the GaAs sub 
strate at about 300° C. by alternately including pulses of 
trimethyl aluminum and Water vapor in a nitrogen gas 
stream passed over the substrate, With a purging interval of 
the nitrogen gas purge in-betWeen the pulses. A rapid 
thermal anneal Was performed after depositing the insulating 
layer, by heating to about 600° C. for about 60 s in the 
presence of oxygen gas. Finally, a conductive layer com 
prising an about 10 nm layer of Titanium on an about 90 nm 
layer of Gold Was deposited on the insulating layer by a 
conventional evaporation process, and then patterned to 
form a gate. 

[0044] FIG. 4 shoWs the representative data of the rela 
tionship betWeen current (Ids) and voltage (Vds) betWeen the 

source and drain for different applied gate voltages That the transistor is unpinned is demonstrated by the 

increase in Id5 as Vg increases from about —2.5 V to about +2 
V. By comparison, a pinned device Would be expected to 
shoW little to no increase in Id5 as Vg is increased. Also by 
comparison, a MESFET device, having no insulating layer, 
Would be expected to break doWn if such positive gate 
voltages Were applied. The transconductance (gm) of the 
transistor, calculated for the linear portion of the plot of Id5 
versus Vd5 for Vg equal to about +2 V, Was about 100 
mS/mm. 

[0045] A ?rst set of capacitors Were fabricated similar to 
that described above for the active device. The capacitors 
comprised about 150 nm thickAl metal ?lms about 75, 100, 
150, and 200 microns in diameters. A Ti/Au metal ?lm Was 
deposited on the backside of the n+ doped GaAs substrate. 
The insulating layer of A1203 Was about 8 nm thick, and no 
rapid thermal anneal Was performed after depositing the 
insulating layer. For comparison, a second set of capacitors 
Were fabricated the same as the ?rst set of capacitors except 
that a rapid thermal anneal Was performed (650° C. for 60 
s in the presence of oxygen). 

[0046] The capacitors Were measured for three different 
frequencies of alternating small-signal voltage (about 10 
kHZ, about 100 kHZ and about 1 MHZ) applied on the gate 
While sWeeping the bias voltage (“Bias”) applied to the gate 
from about +3V to about —3 V. Exemplary results obtained 
from the ?rst and second and capacitor sets are shoWn in 
FIGS. 5A and 5B, respectively. That both the ?rst and 
second capacitor sets Were unpinned is indicated by the 
increase in capacitance as a function of increasing bias 
voltage from negative to positive. Acomparison of the plots 
in FIG. 5A versus 5B, indicates a number of bene?cial 
effects from performing the thermal rapid thermal anneal. 
For example, the second capacitor set (FIG. 5B) as com 
pared to the ?rst capacitor set (FIG. 5A), had reduced 
hysteresis betWeen positive to negative versus negative to 
positive bias voltage sWeeps, decreased dependence of 
capacitance on the frequency of the alternating current, and 
increased capacitance, especially at higher frequencies. 
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[0047] Although the present invention has been described 
in detail, one of ordinary skill in the art should understand 
that they can make various changes, substitutions and alter 
ations herein Without departing from the scope of the 
invention. 

What is claimed is: 
1. A method of manufacturing a semiconductor device, 

comprising: 
providing a III-V semiconductor substrate; and 

depositing by Atomic Layer Deposition an insulating 
layer on said III-V semiconductor substrate. 

2. The method as recited in claim 1, further including 
performing a thermal anneal of said III-V semiconductor 
substrate before depositing said insulating layer. 

3. The method as recited in claim 1, further including 
forming an oxide layer on said III-V semiconductor sub 
strate before depositing said insulating layer. 

4. The method as recited in claim 1, Wherein said insu 
lating layer is betWeen about 0.5 and about 100 nm thick. 

5. The method as recited in claim 1, Wherein said insu 
lating layer is a ?rst insulating layer and said method further 
comprises depositing a second insulating layer on said ?rst 
insulating layer using a non-Atomic Layer Deposition pro 
cess. 

6. The method as recited in claim 1, further comprising 
performing a second thermal anneal after depositing said 
insulating layer. 

7. The method as recited in 1, Wherein said semiconductor 
device is a metal oxide semiconductor ?eld effect transistor 
(MOSFET) and said method includes forming a gate, source 
and drain regions and a channel region betWeen said source 
and drain regions, said MOSFET having a trap density of 
less than about 1012 traps/cm2. 

8. The method as recited in 1, Wherein said MOSFET 
device has a transconductance of greater than about 2 
mS/mm. 

9. An active device, comprising: 

a III-V semiconductor substrate; and 

an insulating layer deposited on said III-V semiconductor 
substrate by Atomic Layer Deposition. 

10. The device as recited in claim 9, Wherein a surface of 
said III-V semiconductor substrate betWeen said substrate 
and said insulating layer has a trap density of less than about 
1012 traps/cm2. 

11. The device as recited in claim 9, Wherein said insu 
lating layer has a dielectric constant of greater than about 8 
and said insulating layer is selected from the group consist 
ing of: 

HfO2; 
ZrO2; 
Tazos; 
TiO2; 
Y2O3; 
Lazoa; 
HfN; and 

AlN. 
12. The device as recited in claim 9, Wherein said insu 

lating layer is A1203. 
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13. The device as recited in claim 9, Wherein said device 
is a metal oxide semiconductor ?eld effect transistors (MOS 
FET) Wherein said MOSFET includes a source and a drain 
region located in or on said III-V semiconductor substrate 
and said MOSFET is capable of operating When either a 
positive or a negative bias voltage is applied to said-gate. 

14. The device as recited in claim 13, Wherein said 
positive bias voltage is up to about 30 V and said negative 
bias voltage is up to about —30 V. 

15. The device as recited in claim 13, Wherein said 
MOSFET has a transconductance of greater than about 2 
mS/mm. 

16. The device as recited in claim 13, Wherein said 
MOSFET has a transconductance betWeen about 100 and 
about 130 mS/mm. 

17. The device as recited in claim 13, Wherein said 
MOSFET is an enhancement mode MOSFET or a depletion 
mode MOSFET. 

18. The device as recited in claim 13, further including 
said insulating layer betWeen at least one of said source 
region and said gate, or said drain region and said gate, said 
insulating layer capable of acting as a passivation layer to 
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hinder surface currents When a bias voltage is applied to said 
source, drain or gate. 

19. A transistor, comprising: 

a III-V semiconductor substrate; 

a gate located on said III-V semiconductor substrate; 

a source and a drain formed in or on said III-V semicon 

ductor substrate; and 

an insulating layer deposited on said III-V semiconductor 
substrate by Atomic Layer Deposition betWeen at least 
one of said source or drain region and said gate, said 
insulating layer capable of acting as a passivation layer 
to hinder surface currents When a bias voltage is 
applied to said source, drain or gate. 

20. The device as recited in claim 19, Wherein said 
insulating layer is a ?rst insulating layer and a second 
insulating layer is deposited on said ?rst insulating layer, 
said second insulating layer deposited by a non-Atomic 
Layer Deposition process. 

* * * * * 


