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SEMICONDUCTOR–INSULATOR INTERFACES

This article describes the formation of a thin insulator layer
on bulk semiconductors and the properties of the semiconduc-
tor–insulator interface. The semiconductors considered here
are Si and the compound semiconductors that are most im-
portant in the electronic and electrical industry. The first sec-
tion deals with the unique properties of the Si–SiO2 interface.
It also discusses possible replacements for SiO2, oxidation
mechanisms at the Si surface, the transition from the crystal-
line Si to the amorphous SiO2, chemical bonding at the inter-
face, thickness uniformity of very thin SiO2 films, SiO2 as dif-
fusion barriers, and the electrical charge traps at the
interface. The second section summarizes present information
on compound semiconductors, and includes GaAs, InGaAs,
InP, GaP, InSb, GaSb, AlSb, HgxCd1�xTe, GaN, and AlN. On
GaAs substrates, various methods of insulator formation have Figure 2. The cross section of a Si–SiO2 interface taken by TEM.
been investigated that lead to different interface properties. The SiO2 layer is 2.5 nm (25 Å). It is sandwiched between the bottom
The second section also gives some details on the comparison crystalline Si substrate and the top polycrystalline Si.
of thermal oxides, anodic oxides, UV and ozone oxides, photo-
chemical oxides, beam-assisted oxides, and deposited insula-
tors on GaAs substrates. cars, stereos, televisions, microwave ovens, telephones, hospi-

tal utilities, and even children’s toys. Although each inte-
grated circuit actually takes up a very small space, typicallySi–SiO2 INTERFACE
smaller than 1 cm by 1 cm, it accomplishes a large number of
extremely complicated computational or logic functions at aIntroduction
speed of roughly one million operations per second. A compre-

During the last several decades, semiconductor devices (e.g., hensive review of the MOS technology was given recently at
Fig. 1) fabricated on layered structures of metal–oxide– the 50th anniversary of the invention of the MOS transis-
semiconductor (MOS) films have penetrated almost every as- tor (2).
pect of our daily life. These devices are the basic building The wide application of the integrated circuits could not
blocks of the integrated circuits (ICs) (1) that exist in all the have been realized without the unique properties of the ther-
electronic components surrounding us, inside our watches, mally grown Si–SiO2 interface (3–5). In Fig. 1, the thin SiO2

layer acts as an insulator that separates two electronic sig-
nals. One travels between the source and drain terminals in
the semiconductor layer underneath the SiO2, and the other
flows in the semimetallic layer (the gate) above the SiO2. At
the same time, in a capacitive fashion, the SiO2 film also cou-
ples the two signals. Since the metallic gate is routed to go
above more than one discrete device, signals in separated de-
vices are also nested, and thereby, integrated circuits are
formed. In order to function predictably and reliably, the cir-
cuit makes several demands on the insulator film between
the semiconductor and the metal layers. Compared to other
insulators that might be used as the gate dielectric, SiO2 is
currently the only one that possesses all the necessary prop-
erties. Scientists, however, are actively seeking replacements
for SiO2 for future generations of the electronic devices.

Unique Properties of Si–SiO2 Interfaces

In the following sections, the unique properties of thermally
grown SiO2 films will be discussed. These properties include:

Figure 1. The cross section of a metal–oxide–semiconductor (MOS) (1) atomic phase transitions from the crystalline Si to the
transistor, taken by transmission electron microscopy (TEM). The amorphous SiO2 (Fig. 2), (2) extreme smoothness at the inter-
layers of materials are, from top to bottom, a composite two-layer face, (3) controllable growth rates, (4) very good thickness uni-
metal, thin SiO2, and Si substrate. The metal layers are 80 nm WSi2 formity across large areas [currently on 6 in. (15 cm) Si wa-
and 100 nm polycrystalline Si doped with 1020/cm3 boron or phospho-

fers, and moving toward 8 in. (20 cm) and 12 in. (30 cm)], (5)rus to make it highly conducting. The SiO2 is 5 nm, thermally grown
low densities of Si–SiO2 interface states, (6) electrically stableon the Si. The composite layers make up the gate terminal of the
interface, (7) electrically stable SiO2 film, (8) high dielectrictransistor. The material of the source and drain terminals is 50 nm
breakdown strength (6), (9) thermal stability at high tempera-TiSi2 formed on the Si substrate outside the gate areas. More details

of the MOS transistor structures can be found in Ref. 1. tures (above 1000�C), (10) good immunity to impurity pene-
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tration as diffusion barriers, (11) low leakage of electrical cur-
rents, and (12) low processing defect densities, enabling high
yields.

From 1960 to Years Beyond 2000

When SiO2 was first used as a gate dielectric in the 1960s,
the reproducibility of the film characteristics was poor for two
main reasons: surface conditions leading to high densities of
interface states, and ionic contamination from metallic impu-
rities and sodium ions. These problems were solved by chemi-
cal cleaning for surface preparation, and by minimizing the
sources of sodium ions in the processing tools. Over the years,
the quality of SiO2 thin films has been greatly improved, so
that it has been possible to scale down the film thickness con-
tinually in order to improve the device performance. Cur-
rently, films as thin as 4 nm are used in mass production
without concern about instabilities. It is expected that soon

10–50

0 1 2 3 4 5
Oxide thickness tox (nm)

6

Ta2O5

Al2O3

Si3N4

TiO2

SiO2

7 8 9 10

10–40

10–30

10–20

10–10

1

1010

T
u

n
n

e
lin

g
 c

u
rr

e
n

t 
I t

u
n
 (

A
/c

m
2
)

after the turn of the century, SiO2 films thinner than 3 nm
(roughly 10 monolayers of the SiO2 atomic structure) will be Figure 3. Calculated dielectric leakage current for SiO2 as a function
used in mass production of integrated circuits that are com- of the thickness (line), and the leakage current of several high-k di-

electrics of 1 nm equivalent SiO2 thickness (symbols) as listed in Ta-posed of more than 1 billion MOS devices. Meanwhile, great
ble 1. In the calculation, all quantum-mechanical effects are consid-efforts have been made to investigate on (1) alternative
ered. However, the interface between the dielectrics and the Sigrowth techniques for SiO2 in order to go beyond 3 nm and
substrate is assumed to have no charge traps or defect-related energy(2) alternative dielectrics having higher dielectric constants
states. Refer to Ref. 18 for more details of the calculation.in order to gain more effectiveness in the capacitive control

than in 3 nm SiO2 (Table 1). The former include deposition of
SiO2 with plasma (7), laser (8), or chemical vapor deposition trics to the Si substrate is smaller than the barrier height of
(CVD) (9). The latter include Si3N4 (10), Al2O3 (11), Ta2O5 (12), the Si–SiO2 interface (Table 1), the leakage reduction
TiO2 (13), and others. In Ref. 14, a case study of SiO2 films achieved from increasing the thickness is many orders of
thinner than 3 nm is described. Based on circuit requirements magnitude larger than the penalty due to the barrier height
and integration challenges, the study also considers the pros- reduction (Fig. 3 and Fig. 4). In the case of TiO2, the penalty
pects for thin dielectrics for ultrasmall MOS transistors. is only 3 (out of 35) orders of magnitude. The benefit of using

high-k dielectrics is particularly large in the direct tunneling
Potential Replacement of SiO2 regime, where the voltage across the dielectrics is smaller

than the barrier height.In addition to the benefit of gaining more device efficiency, it
Unfortunately, it has been problematic to integrate high-kis also important to develop high-k dielectrics in order to

dielectrics in the production of integrated circuits, due to suchreduce the leakage current of the gate insulator (Fig. 3).
issues as interface states, high-temperature incompatibilities,High-k dielectrics allow the use of a physically thicker film
and defect-related leakage. For example, Ta2O5 and TiO2 ex-(to reduce the tunneling current) while maintaining the same
hibit superior dielectric constants (Table 1 and Fig. 3), buteffectiveness of the gate capacitance. In Fig. 3, the leakage
they crystallize at 800�C and 400�C, respectively. In theircurrent of SiO2 and several high-k dielectric films is plotted

for a voltage bias of 1 V across the films. As the thickness
decreases, the leakage current of SiO2 increases exponen-
tially. For example, between 10 nm and 1 nm, the leakage
current increases by more than 40 orders of magnitude. With
high-k dielectrics of 1 nm equivalent SiO2, the leakage current
is dramatically controlled. If TiO2 (� � 30) is used to replace
SiO2, the leakage current is reduced by roughly 35 orders of
magnitude. Although the barrier height of the high-k dielec-

102

103

104

105

106

107

0 1 2
Barrier height ∆Ec (eV)

3

TiO2

Ta2O5

Si3N4

Al2O3

SiO2

4 5

T
u

n
n

e
lin

g
 c

u
rr

e
n

t 
I t

u
n
 (

A
lc

m
2
)

Figure 4. Calculated dielectric leakage current as a function of the
energy barrier height of the leakage. For electron tunneling current,
the barrier height is the conduction band discontinuity between the
dielectrics and the Si substrate.

Table 1. High-k Dielectrics: A Comparison of Their Energy
Bandgap Eg, Conduction-band Discontinuity �Ec (Barrier
Height for Electron Tunneling), and Dielectric Constant �

Eg (eV) �Ec (eV) �

Si2O 9 3.1 3.9
Si3N4 5 2.0 7.5
Al2O3 8.7 3–4 10
Ta2O5 4 1.45 25
TiO2 3.3 1.1 30–80
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polycrystalline form, the leakage current becomes orders of control of the thickness uniformity and process repeatability.
As the thickness continues to decrease to 4 nm and below, themagnitude higher. Therefore, the processing temperature of

the Si wafers is limited once they are deposited. technique of rapid thermal oxidation (RTO) will become more
and more important for sustaining the high quality of SiO2

films. The fast temperature ramping of RTO makes it possibleSi Oxidation
to grow a very thin film at 1000�C or above in less than a

Oxidation of a Si surface can occur even at room temperature, minute, with the same thickness and uniformity control ob-
once the Si surface is exposed to the air. In the manufacture tained by 750�C furnace oxidation over 20 min. The high oxi-
of integrated circuits, oxidation takes place in a furnace dation temperature improves the oxide quality significantly.
where the temperature and ambient can be manipulated dur- The oxidation rate is also affected by doping of Si. In Fig.
ing the oxidation. The furnace temperature is typically at 5, the open symbols show how the oxide thickness is affected
750�C or above, and the ambient contains either pure oxygen by the doping of the Si substrate with nitrogen. Prior to the
or water vapor. Oxygen or water vapor reacts with the Si sur- oxidation, nitrogen was implanted into the Si substrate
face and forms SiO2. The chemical reaction is Si � O2 � through a sacrificial oxide layer (16–18). With a nitrogen dose
SiO2 for dry oxygen and Si � 2H2O � SiO2 � 2H2 for water of 5 � 1013/cm2 to 1 � 1015/cm2, the oxidation rate is reduced
vapor. After an initial layer of SiO2 is formed, both water va- by 20% to 50%. For example, with 5 � 1014/cm2 nitrogen dose,
por and oxygen can diffuse easily through SiO2 at the elevated the thickness grown at 800�C for 25 min is reduced from 5
temperatures, and the oxidation process continues at the nm to 4 nm, and the thickness grown at 900�C for 35 min is
Si–SiO2 interface. Gradually, Si is consumed as the oxide now reduced to 8.5 nm from 15.5 nm.
grows, and the resulting Si–SiO2 interface moves layer by
layer into the Si. Approximately 54% of the final oxide thick-

Interface Transition
ness is above the original Si surface and 46% is below the
original surface. As the oxide grows thicker, the diffusion In Fig. 2, a cross section of a 2 nm oxide film taken by trans-

mission electron microscopy (TEM) (19) is shown. The oxidepath for the oxygen or water vapor to reach the Si surface
becomes longer, and as a consequence, the growth rate of the was grown at 800�C on the �100� lattice orientation (20) of the

Si substrate. It was then covered with a polycrystalline Sioxide decreases. The entire process of oxidation can then be
characterized by two periods: the initial linear stage, where layer as shown in the figure (bottom layer of the two layers

in Fig. 1). The polycrystalline Si was deposited at 620�C in athe oxidation is governed by the surface reaction, and the sec-
ond stage, where a parabolic growth rate is controlled by the CVD furnace. In the Si substrate, the TEM also reveals the

lattice images of two sets of parallel planes in �001� and �110�diffusion mechanism (15).
The filled symbols in Fig. 5 plot the oxide thickness as a crystal orientations (20). The physical spacing between the

�110� parallel planes is 0.38 nm (20), and can be used to deter-function of the oxidation time for two oxidation temperatures,
800�C and 900�C. Typical examples are 5 nm grown at 800�C mine the thickness of the oxide layer in the picture to an accu-

racy within 0.1 nm.for 25 min and 15.5 nm at 900�C for 35 min. Before 1990,
when the oxide thickness was typically 10 nm or more, the A highly uniform transition from the crystalline Si sub-

strate to the amorphous SiO2 is revealed in Fig. 2. At theoxidation temperature was in the range of 900�C to 1100�C.
Since 1990, as the thickness was scaled down below 10 nm, Si–SiO2 interface, the Si crystal transforms into the amor-

phous oxide abruptly, almost on the same �100� plane (20)the oxidation temperature has dropped to the range between
750�C and 900�C. At the same time, the oxygen content in the within the scope of the TEM. The short-range (2 nm to 4 nm

apart) and long-range (20 nm to 50 nm apart) interfaceoxidation ambient has also been diluted with inert gas such
as N2 in order to slow down the oxidation rate for a better roughness is only 0.2 nm to 0.4 nm, determined from a total
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Figure 5. SiO2 thickness versus oxidation time at (a) 800�C and (b) 900�C. Filled symbols are
oxides grown on Si substrates without nitrogen doping, and open symbols are oxides grown on
Si substrates doped with various nitrogen doses.
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TEM range of 450 nm. Such a sharp phase transition on the
atomic scale is one of the most important stoichiometric prop-
erties of Si–SiO2. It is the fundamental reason for the stable
Si–SiO2 interface. For example, if one implants a sufficient
amount of oxygen into a Si substrate and heats up the Si
substrate to 900�C, some atomic layers of the Si will turn into
SiO2 and the transition interface from Si to SiO2 will be
formed on an atomically sharp scale. Nevertheless, there ex-
ists a certain amount of mechanical stress at the interface
due to lattice mismatch and thermal expansion differences.
The degree of stress depends on the oxidation temperature
and the ambient.

Interface Bonding

The oxide thickness can also be measured optically with ellip-
someters. Multiangle ellipsometry can be used to extract the
thickness and dielectric constant of the film, based on the re-
flectance on the oxide surface. By comparing the TEM mea-
surement and ellipsometry measurement, one can plot the di-

Wafer size: 200 mm
Mean: 4.205 nm Std dev: 0.038 nm (0.89%)

Min: 4.129 nm Max: 4.299 nm Range: 0.169 nm
Contour interval: 0.021 nm (0.500%)

electric constant as a function of the dielectric thickness, and
Figure 7. Contours of SiO2 film thickness on a 8-in. (20-cm) Si wafer.thus study the molecular structure at the interface. For
The average thickness is 4.2 nm, and the contour interval is 0.021SiO2, the dielectric constant of a thick film is known to be
nm. The standard deviation across the entire wafer is 0.038 nm1.458. It has been suggested that, if the oxide thickness is
(0.89%).

smaller than 10 nm, its dielectric constant could go up to 1.7
(21). In recent studies (16,22), however, it has been found that
the dielectric constant stays at 1.458 for films as thin as 2.5
nm. It is very likely that the dielectric constant of extremely tell a change in the dielectric constant. In Fig. 6, the binding
thin films is affected by the growth conditions, including the energies of the Si–Si 2p and Si–O 2p covalent bonds are plot-
growth temperature, the ramp rate of the temperature, and ted for three oxide films of different thickness, 4 nm, 2 nm,
the growth ambient. The variation of the dielectric constant and 1.3 nm. For the thin oxide films, the binding energy of
is related to the chemical bonding of the Si and oxygen atoms the Si–O bond has shifted to the right, toward the Si–Si 2p
with their neighbors at the interface. bond. The relative peak intensity of the spectrum also

An alternative probe of the chemical bonding is achieved changes as the XPS probes further into the Si substrate for
with X-ray photoemission spectroscopy (XPS), which, instead the thinner films.
of giving a collective measure of the behavior of all the mole- In the crystalline Si, each Si atom has four Si neighbors,
cules in the film, provides a detailed spectrum of the energies while in SiO2, each Si has two Si and two O neighbors. With
of all the chemical bonds. From XPS study, it is confirmed photoemission spectroscopy (PES) using an advanced syn-
that indeed a suboxide structure exists in films that are 2.5 chrotron radiation source, it is possible to study the binding
nm or thinner (Fig. 6), even when the ellipsometer cannot energies of the Si atoms with one (Si�), two (Si�2), or three

(Si�3) Si–O bonds in the transition layers at the interface. The
binding energies of the Si�, Si�2, and Si�3 atoms are located
between the binding energies of the Si–Si (Si0) and Si–O
(SiO2) peaks in Fig. 6 (23).

Thickness Uniformity

In Fig. 7, the thickness contours of a SiO2 film grown on a 8
in. (20 cm) Si wafer are plotted with a contour interval of
0.021 nm. The average film thickness is 4.2 nm, and the stan-
dard deviation of the thickness across the entire wafer is as
small as 0.038 nm, which accounts for only 0.89% of the aver-
age thickness. As a matter of fact, the minimum thickness
(4.1 nm) on the entire wafer is only 0.2 nm smaller than the
maximum thickness (4.3 nm). Such high uniformity of the ox-
ide thickness is one of the most important attributes that ac-
count for the high manufacturing yield of Si integrated cir-
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cuits. As the SiO2 becomes thinner in advanced technologies,
the electric field across the SiO2 also becomes higher. There-Figure 6. XPS spectrum of thin SiO2 films. The signal intensity is
fore, any thickness nonuniformity can easily cause electricalnormalized to the peak intensity of each spectrum, and it is plotted
breakdown of the SiO2 and degradation of device perfor-as a function of the binding energy of the chemical bonds. The peak

position of the Si–Si 2p bond is used as the reference energy. mance.
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If the Si substrate is doped with nitrogen, the modified sur-
face reaction also changes the SiO2 thickness uniformity, as
presented in Fig. 8. In the figure, experimental data are plot-
ted for two nitrogen doses, 2 � 1013/cm2 and 2 � 1014/cm2. The
former does not change the oxidation rate, and it does not
change the thickness uniformity. The later slows down the
oxidation, and it also improves the thickness uniformity, i.e.,
the thickness variation is reduced. In other words, nitrogen
doping in the Si substrate modifies the surface reaction, and
affects the oxidation rate and thickness uniformity at the
same time. For example, with 10-min oxidation and without
the nitrogen doping, the average thickness is 3.4 nm with
�1.3% variation. When the wafers are doped with 2 �
1013/cm2 nitrogen, neither the average thickness nor the
thickness variation is influenced. However, when the wafers
are doped with 2 � 1014/cm2 nitrogen, the average thickness
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becomes 2.5 nm and the thickness variation drops to only
Figure 9. Secondary-ion mass spectroscopy (SIMS) profiles for O (ox-0.4%.
ygen), N (nitrogen), B (boron), F (fluorine), and P (phosphorus) in a
sample containing a sandwiched structure as in Fig. 2 (top polycrys-Diffusion Barrier
talline Si layer, 2.5 nm SiO2, and Si substrate of the MOS structure).

By blocking the penetration of impurities, SiO2 films can also For better resolution, an NSi signal was used to take the N profile.
serve as diffusion barriers. Typical impurities include boron
and phosphorus atoms. Owing to the bonding differences in-

there has been extensive research devoted to in solving theside the SiO2 film and at the Si–SiO2 interface, diffusion of
problem of boron penetration through thin SiO2 films. Sinceimpurities encounters different stopping forces. Inside the
nitrogen is known to convert dielectric and metal films intofilm, impurity diffusion walks through imperfect bonds of
good diffusion barriers, the incorporation of nitrogen in thinSiO2, while at the interface impurities tend to pile up. There-
SiO2 has been the common theme of all efforts. For example,fore, there are at least two activation energies required in
it is very easy to add a certain amount of nitrogen to thebulk diffusion: the creation of the imperfect bonds (if they do
SiO2 by introducing N2O (26) or NO (27) gases in the oxida-not exist), and the breakup of the impurity atom from its
tion ambient.bonds to the neighboring Si or oxygen atoms (24). As the film

For 2.5 nm SiO2 films, it has been demonstrated that thethickness decreases, the blocking efficiency of the SiO2 films
nitrogen implant approach, as described above, can effectivelyalso decreases. Boron was the first species to be noticed that
stop the boron penetration (17,28). Figure 9 shows the second-affects the reliability of the SiO2 films as well as the charac-
ary-ion mass spectroscopy (SIMS) profiles for O (oxygen), Nteristics of the associated MOS device (25). As a consequence,
(nitrogen), B (boron), F (fluorine), and P (phosphorus) in the
sample. Fluorine was introduced with B in order to enhance
the B penetration (29). From the left to the right of Fig. 9 are
the layers corresponding to the ones in Fig. 2, i.e., the top
polycrystalline-Si layer, 2.5 nm of SiO2, and the Si substrate
of the MOS structure. For better resolution, NSi signal was
used to take the N profile. The Si profile was also analyzed,
but it is omitted from the figure for clarity. It is flat through
out the entire spectrum, with a single dip that coincides with
the O peak. The O peak identifies the location of the SiO2. To
the left of the O peak is the polycrystalline-Si layer, where
the B doping is above 1020/cm3 and is the source of B atoms
for penetration through the 2.5 nm SiO2. To the right of the
O peak is the Si substrate, and the penetrated boron has to
be detected. A N peak is observed within the SiO2 layer, while
no N is seen in the substrate within the SIMS resolution of
1017/cm3. Thus, the entire implanted N has been incorporated
in the SiO2 during the thermal oxidation of the Si surface.
The B profile drops sharply right before the N peak, and no
B is observed beyond the SiO2 layer. Therefore, the SIMS pro-
file indicates no B penetration. The amount of B penetration
can also be probed with the threshold variation of the associ-
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ated MOS device (17,28).
Figure 8. Thickness variation (standard deviation divided by the av-
eraged thickness) as a function of the averaged thickness for two oxi- Interface Charge Traps
dation times: 25 min and 10 min. Wafers 1, 2, and 3 are three differ-

At the transition from the crystalline Si to the amorphousent wafers located at the top, middle, and bottom of the vertical
furnace, respectively. SiO2, charge traps exist at the interface and affect the stabil-
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ity of the SiO2. The traps lower the SiO2 quality and the di-
electric strength. When a MOS device is built on a SiO2 film
with a large density of interface traps, the performance and
lifetime of the device is also significantly degraded (30). Un-
fortunately, there are always some traps at the Si–SiO2 inter-
face. Typically, a high-quality Si–SiO2 interface has 1010/cm2

traps or less, and a poor one has 1012/cm2 traps or more.
One traditional measurement of the trap density is with

the C–V (capacitance–voltage) curves. The measurement
setup utilizes a capacitor fabricated with the SiO2 as its di-
electric (pretty much the same structure as Fig. 2), and
probes the small-signal variation of the electrical charge
added to or removed from the capacitor (31). The C–V curves
are normally taken at two different frequencies of the small
signal. At around 1 MHz, the energy states corresponding to
the charge traps cannot be reached by the small signal, while
at around 10 Hz they can be probed. Therefore, information
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on the traps can be extracted. Figure 10 shows a typical ex-
Figure 11. Leakage current of a 2.5 nm SiO2 film as a function ofample of the C–V measurement (32) taken on a MOS capaci-
the bias potential across the film. Curve 1 is theoretical calculationtor fabricated with a 2.5 nm SiO2 film. The top flat region in
assuming no interface traps, that is, a perfect Si–SiO2 interface.the 1 MHz curve between �1.5 V and �1 V reflects the thick-
Curve 2 is the measured leakage current. The difference betweenness of the SiO2, and the bottom flat region of the same curve
curves 1 and 2 reflects the existence of interface traps. Curve 3 isbetween 1 V and 1.5 V reflects the substrate doping concen-
taken after the oxide has been stressed with a high electric field that

tration. The slopes of both curves and the distortion of the 20 produces 50 mA/cm2 leakage current for 20 s.
Hz curve are related to the density of the traps.

However, as the SiO2 thickness decreases, the static leak-
age current increases exponentially (Fig. 3) and the small-

duced traps cause further damage of the SiO2, and they alsosignal C–V measurement becomes less reliable. An alterna-
result in the degradation of the MOS device. Both the intrin-tive probe of the interface traps measures the tunneling cur-
sic and stress-induced traps can be characterized with therent as a function of the voltage drop across the SiO2 (Fig. 11)
leakage current. In Fig. 11, one can also notice that the tun-(32). As shown by the difference between curve 1 and curve 2
neling current becomes very noisy after the SiO2 has beenin Fig. 11, the leakage current is very sensitive to the inter-
stressed. There are several causes of the noise. For example,face properties. In addition, after the SiO2 is subjected to a
it can be a result of electrons going from the Si substrate tohigh-field stress, more traps are generated. The stress-in-
the traps or vice versa, and changing the electric field locally.
Therefore, a third approach to studying the interface traps is
to measure the noise spectrum of the leakage current (33).
Similar noise behavior also exists in the drain current of the
associated MOS device (34,35). The noise behavior is a phe-
nomenon that involves the quantum-mechanical properties of
the Si–SiO2 interface.

COMPOUND-SEMICONDUCTOR–INSULATOR INTERFACES

Introduction

The as-grown Si–SiO2 system, after some additional thermal
treatments, yields a high-quality interface and an electroni-
cally stable oxide, which has become the backbone of all inte-
grated circuits and electronics today. The quest for competi-
tive compound-semiconductor–oxide-insulator systems has
not produced comparable results. After 35 years and hun-
dreds of thousands of experiments, the first GaAs MOSFETs
were announced in 1996 by Bell Labs (36), where the first
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transistors were invented. What is the difference between the
Figure 10. Measured C–V curves of a MOS capacitor fabricated with two systems? As-grown compound-semiconductor–native-ox-
a 2.5 nm SiO2 film. The range of the measurement voltage (x axis) ide systems have pinned surfaces (Fig. 12) (37), which se-
scales linearly with the oxide thickness. The top flat region in the 1

verely limit the field effects on the band bending and quenchMHz curve between �1.5 V and �1 V reflects the thickness of the
the ability to modulate the carrier density in the semiconduc-SiO2, and the bottom flat region of the same curve between 1 V and
tor. The surface and thermal treatments employed in the Si1.5 V reflects the substrate doping concentration. The slope of both
system do not affect the compound semiconductor systems incurves and the distortion of the 20 Hz curve reflect the density of

the traps. the same manner.
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Figure 12. Schematic band diagram illustrating the potential
sources of surface and interfacial trapping to be expected in a com-
pound-semiconductor–native-oxide heterostructure.

One of the key challenges in compound-semiconductor de-
vice technology is to find thermodynamically stable insulators
on the compound semiconductors that provide a low density

Ga(AsO3)3

GaAsO4 As2O5

Ga2O3

Ga GaAs

(b)

(a)

O

GaAs

Ga2O3, As

Ga2O3, As2O3

GaAsO4, As2O3

As

As2O4

As2O4

of interfacial states (Dit). The most intensively studied and
Figure 13. (a) Thermal oxide formation process in GaAs. (b) Ternary

widely used compound semiconductor is GaAs. Thermal, an- phase diagram for Ga–As–O.
odic (including plasma), and photochemical oxidation of GaAs
surfaces produced highly resistive films, but could not provide
oxide–GaAs interfaces with a low Dit. Approaches using vari- der of 0.5 eV, and Rutherford backscattering spectrometry
ous dry, wet, and photochemical surface treatments prior to (RBS), which provides a composition profile.
the deposition of insulating films produced limited success, The first selective wet thermal oxidation experiment was
since major sources of interfacial states such as nonstoichiom- carried out in 1978 (41). Using material grown with molecular
etry, structural defects, and surface contamination still ex- beam epitaxy (MBE), Tsang selectively oxidized the AlAs over
isted. The research efforts on the passivation of compound GaAs, in an O2–N2 ambient with and without water vapor at
semiconductors are related not only to GaAs but also to other a temperature of 70�C to 130�C. The dry thermal process was
compound semiconductors. In this article, we summarize the much slower than the wet thermal process, keeping all other
different techniques that researchers have employed to fabri- conditions the same. The oxide was thicker than the starting
cate the compound-semiconductor–insulator structures. The AlAs layer and contained Al2O3(OH) complexes that weakened
understanding that has been gained from characterizing vari- the oxide. Electrical measurements such as I–V and C–V
ous types of semiconductor–insulator interfaces will help, in showed low resistivities (1011 	 
 cm) and severe hysteresis
turn, to obtain better material properties and achieve better that would lead to inaccurate capacitance values (42), and
device performance. thus the traditional Terman method could not be used. (The

Terman method models surface states in MOS structures
GaAs from C–V, and provides an upper limit on surface states (43).)

All initial results pointed to high densities of oxide traps andThermal Oxidization. The two primary methods used with
interfacial states and ill-defined dielectric properties such asGaAs are the formation of the native oxide upon heating
breakdown field and dielectric constants.GaAs directly in an ambient, and the transformation of the

After Tsang did the first experiments on wet thermal oxi-Al-containing layer in an AlxGa1�xAs–GaAs structure. The
dation, Dalessase et al. in 1990 (44) found that the selectivefirst method involves dissociation of As oxides and outdiffu-

sion of elemental As, but due to the multiple product species
of the equilibrium process, the oxides are generally rough and
cracked at the onset of oxidation (38). The thermal oxide for-
mation process is schematically shown in Fig. 13(a), which
can be understood using the ternary phase diagram of Ga–
As–O shown in Fig. 13(b) (39). In 1981, Wilmsen compared
the properties of the thermal and anodic oxides (Table 2) (40).
The elusive interface was examined using X-ray photoelectron
spectroscopy (XPS), which probes chemical bonding on the or-

Table 2. Summary of Results

Growth Temp. Oxide Comp. Interface Comp.

Low As–Ga oxides ?
Medium As, As–Ga oxides As, Ga oxides
High (�500�C) �-Ga2O3 polycrystal As, Ga2O3

Post-dep. annealed Ga2O3 (�430�C) ?



94 SEMICONDUCTOR–INSULATOR INTERFACES

Figure 14. Cross-sectional TEM picture of
wet-oxidized AlGaAs.

oxidation of AlGaAs at much higher temperatures (400�C) referred to as plasma anodization, the solution is replaced by
plasma generated by dc or RF fields. If a dc bias is applied toprovided a more mechanically and chemically stable oxide.

Samples are placed in a typical quartz furnace (�300�C) the substrate during the plasma process, oxidation takes
place in a similar way to the wet anodization. There are manywhile N2 gas is bubbled through H2O held at 80�C to 90�C.

The mechanism has three stages: the reaction of water vapor other similarities between oxidation processes in an aqueous
solution and in plasma (50).with the AlGaAs layer, the indiffusion of reactants, and the

outdiffusion of As and As-containing products (45). A cross- The first reported anodic oxide in solution was in 1963 by
Revesz, but the surface was pitted and rough (51). Other elec-sectional TEM picture of the wet-oxidized AlGaAs is shown in

Fig. 14. trolyte solutions sometimes had undesirable effects; for exam-
ple, anodic oxidation by H2O2 in water led to the creation ofHowever, since the bulk is still a mixture of Ga oxides, the

electrical properties remained poor (46). Chen et al. oxidized an etching solution with acid contamination (52). In 1975, Ha-
segawa proposed anodic oxidation using tartaric or citric acid500 Å of MOCVD-grown AlAs on an AlGaAs buffer on a Si-

doped (1017 cm�3) GaAs channel at 400�C for 200 min. The with ethylene or propylene glycol as the electrolyte (Vbr � 5
MV/cm and J � 1 nA/cm2) (53). As recently as 1996, Schmukidepletion-mode field-effect transistor (FET) had a �4 �m gate

length, gm � 1.2 mS, Vth � �10 V, and Vbr � 10 MV/cm. Un- et al. (54) deposited anodic oxides in aqueous solutions of ei-
ther borate buffer, pH 8.4, or 0.3 M NH4H2PO4, pH 4.4, andlike previous samples, this oxide was a thinner (by 20%) ma-

terial and had a smaller refractive index than the starting all oxidation experiments were carried out in the dark. XPS
spectra showed that both conditions produced mixed Ga andAlAs. This technique has also been applied to other Al-con-

taining materials such as AlInAs and AlInGaP (47). In addi- As oxides. Both oxides dissolved in water, but the oxides
formed in borate solution dissolved much faster. Since holestion, new optoelectronic devices were engineered as a result

of this slightly modified technique (48). are needed in the semiconductor to continue the reaction, oxi-
dizing n-type GaAs required a laser at an energy above the
bandgap.Anodization. Anodic oxidation is the electrochemical for-

mation of native oxides. The semiconductor anode and an in- Due to weak oxides, the C–V data showed severe hystere-
sis and peeled off upon annealing. Others continued to exam-ert metal (Pt) cathode are placed in a solution (tartaric or

citric acid in water) or in a plasma (dc or RF magnetron). In ine the properties of this oxide by fabricating metal–
insulator–semiconductor (MIS) capacitors or FETs andthe first approach, the oxide and interface qualities depended

mainly on precursor layers, the input and output of oxidizing analyzing the electrical responses. The first n-channel nor-
mally-off FET using anodic oxide as the gate dielectric wasions through the oxide, and the dissolution of As oxide by-

products. A schematic of the anodization of GaAs in a solution fabricated in 1976 (55) (tox � 1000 Å, L � 15 �m, Vbr � 8 MV/
cm, and g � 20 �A/V), with the gate annealed in N2 at 600�Cis shown in Fig. 15 (49). In the second method, sometimes

Figure 15. Chemical processes, mass
flow, and current during anodization of
GaAs. ��
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for 5 min. In 1977, a normally-off FET (Vth � �1 V) and a forming O2 and atomic oxygen, whose indiscriminate reaction
with GaAs may lead to the attainment of stoichiometric Ganormally-on FET (Vth � �3 V, tox � 900 Å, and Lg � 20 �m)

were fabricated (56) using the self-aligned gate technique. and As oxides. However, upon prolonged oxidation the oxides
were found to be less stoichiometric.The plasma anodization technique produced oxides of simi-

lar quality. In 1966, Weinreich oxidized �110� or �111� tin- Photochemical Oxidation. Photochemical oxidation was
achieved with collimated white light from a tungsten lampdoped n-type GaAs at 70�C substrate temperature in an oxy-

gen plasma at 0.2 Torr to 0.6 Torr (30 to 80 Pa) (57). The and running DI H2O over the sample from a glass reservoir
where high-purity oxygen was dissolved (64). Prior to oxida-amorphous films (tox � 300 Å to 4000 Å, n � 1.7, � � 3.9 by

C–V, and Vbr � 5 MV/cm) were soluble in hot water. They tion, the surface was etched with NH4OH : H2O2 : H2O in a ra-
tio of 1 : 1 : 50. XPS showed that the oxide was not onlyhad certain advantages over thermal oxides, including lower

oxidation temperature (70�C versus 500�C to 900�C) and more Ga2O3, and the oxide was easily wiped off from the GaAs sub-
strate. Compared to anodic oxidation, in which there was nouniform films; thermal oxidation produced pitted oxides due

to As loss from substrate. In comparison, Revesz’s anodic ox- photoexcitation, photoluminescence (PL) measurements
showed that the photochemical oxide interface was better, butide was not soluble in water. One reason why the oxides were

weak is the high-energy plasma at 1013 particles/cm3 and 1 this was only due to extra fixed surface charges generated
during oxidation that changed the position of the pinnedkW. Ten years later, in 1976, a similar experiment was per-

formed by Chang et al. at 27 MHz and 300 W (lower power) Fermi level according to Hasegawa’s DIGS model (65). The
interface is still poor, due to the presence of arsenic oxides.and 1010 particles/cm3 (58). The oxidation took place at 40�C

with Te-doped (100) GaAs substrate at a dc bias of 50 V to 90 Beam-Assisted Oxidation. A beam-assisted oxidation
method was employed in 1995 by Alay et al. (66), in whichV. The films were amorphous by X-ray diffraction (n � 1.9)

and also etched in HCl, but only slowly in boiling water (100 GaAs and AlGaAs were exposed to oxygen irradiation. While
Al2O3 was stochiometric on AlGaAs, Ga oxides on GaAs wereÅ/min). Chang et al. observed Frenkel–Poole emission form

J versus E1/2, which is the field-enhanced thermal excitation mixed with very small amounts of As oxides and elemental
As compared to anodic or thermal oxidation.of electrons from traps over the conduction band of the dielec-

tric. After annealing in H2 at 450�C for 30 min, the trap states
of a film 10 �m thick were reduced. However, the hysteresis Deposition of Insulators
in the C–V curve remained. They concluded from tempera-

Oxidation of GaAs by thermal, anodic, or other treatmentsture-stressed data that the slow trapping of holes, instead of
produces, in general, amorphous mixtures of Ga2O3 andmobile charge in the oxide, caused the leaky I–V character-
As2O3 with some inclusion of elemental As. They tend to beistic.
poor in terms of thermal stability, chemical stability, andIn 1978, GaAs microwave metal–insulator–semiconductor
compatibility with other processing technologies (67). Depos-field-effect transistors (MISFETs) were fabricated with S-
ited insulators are increasingly being used in practical de-doped n-GaAs films grown on semiinsulating (SI) GaAs sub-
vices. Deposition techniques have increased in popularitystrates in the Ga–AsCl3–N2 system (59). Using plasma oxida-
with each additional method of growing semiconductor mate-tion at 150 W, 13 MHz, and 0.04 Torr (5 Pa), a magnetic flux
rials. The two most popular techniques are CVD and MBE,of 600 G (0.06 T), and a substrate temperature of 90�C, the n-
the former allowing a wide range of precursors and the latterGaAs was oxidized to form the gate insulator material. No
using multiple-chamber UHV and/or controlling processes topinholes were observed in an oxide 1000 Å thick over an area
avoid contamination.of 2.5 cm � 3 cm. Mimura et al. annealed the MOS structures

SiO2. The most plausible insulator to deposit onto GaAsand found that annealing below 450�C did not change the
was SiO2 in view of its performance on Si. In comparison withC–V characteristics, but annealing above 450�C actually
most other oxidation techniques, surface treatment prior toworsened the oxide quality. This suggests that the oxide is
deposition is important in insulator deposition. In 1965,composed of Ga and As oxides, the latter of which is unstable.
Becke et al. (68) deposited SiO2 on (111) GaAs pyrolytically,Normally-on and normally-off n-channel devices were fabri-
starting at 600�C and heating to 730�C for the remainder ofcated, and compared with a metal–semiconductor field-effect
the deposition. The devices were n-channel normally on (Vthtransistor (MESFET) as the reference. The depletion-mode
� �4.5 V) and normally off (Vth � 2 V) FETs. The gate wasMISFET had a current-gain cutoff at 4.5 GHz, and the MES-
26 �m in length, and tox � 2300 Å, postdeposition annealedFET at 3.7 GHz. At zero gate bias and 8 V drain bias, the
at 800�C for 16 h. However, the high temperature producedMISFET had 0.4 W power with 4 dB gain at an input power
surface states, which invalidated calculations using the Ter-of 0.15 W. The device was not a MOSFET in the sense of Si
man method. This is supported by their changing capacitanceMOSFETs, since there was no confirmed inversion.
as seen in high-frequency C–V measurements. Other groups
proved that SiO2 was a good candidate for deposition, but theOther Methods of GaAs Oxidation
main problem resided in the interface. Since it was knownUltraviolet–Ozone Oxidation. UV–ozone oxidation of GaAs
that Si–SiO2 has both a good oxide and a good interface, Ti-has produced a mixture of stoichiometric Ga and As oxides
wari et al. (69) and Freeouf et al. (70) grew Si on GaAs andwith a thickness less than 10 Å (60,61). In contrast, native
used CVD plasma to deposit SiO2. However, they observed nooxides grown in air have not yielded a stoichiometric surface
inversion due to Fermi pinning at midgap.after thermal desorption (62). The UV wavelengths of interest

Ga2O3. Besides SiO2, the best candidate for deposition wasare 184.9 nm and 253.7 nm. The first wavelength is absorbed
Ga2O3, which is the most stable native oxide. Since it wasby O2 to produce O3 (ozone). Ozone then reacts with carbon on
difficult to isolate this species, all attempts produced a non-the GaAs surface, forming CO2, and thus reducing carbon con-

tamination (63). The latter wavelength is adsorbed by ozone, stoichiometric oxide. One of the more interesting results was
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Figure 16. C–V characteristics of Ga2O3(Gd2O3)–GaAs: (a) n-type and (b) p-type.

due to Callegari et al. (71), who deposited amorphous Ga2O3 GHz and an fmax of 35 GHz. The Ga2O3(Gd2O3)–GaAs inter-
face, studied by high-resolution TEM (Fig. 18) and X-ray re-films with an RF O2 plasma; a GaAs substrate was placed in

O2 plasma while an electron beam evaporated Ga metal. The flectivity, is very smooth, with roughness as small as one
substrate temperatures (30�C and 200�C) were below the na- atomic layer of GaAs (78). These Ga2O3(Gd2O3) films, of thick-
tive Ga and As oxide desorption temperature of �580�C. ness varying from 500 Å to 50 Å, showed leakage current den-
Without additional postdeposition treatments, the interface sities as low as 10�9 A/cm2 at low gate bias up to 2.5 V, and
would be pinned. The H2 plasma removed the native oxide electrical breakdown fields as high as 9 MV/cm (79).
while the N2 passivated the Ga and As dangling bonds, form-
ing a thin layer of nitride. Although, the oxide was not dense
or robust, the interface seemed to improve tremendously. In
addition, Aydil et al. (72) achieved passivation of surface
states during a H2 or NH3 plasma treatment at room tempera-
ture by removal of excess As and As2O3, and subsequent for-
mation of a Ga2O3 film (a few monolayers thick) on a GaAs
surface.

E-Beam-Deposited Ga2O3(Gd2O3). Using a multichamber ul-
trahigh-vacuum (UHV) system in which an oxide growth
chamber is separated from a GaAs-based MBE chamber and
the two chambers are connected via UHV transfer modules,
Hong et al. deposited a mixture of Ga2O3 and Gd2O3 on GaAs
(100) using electron-beam evaporation from a single-crystal
Ga5Gd3O12 garnet (GGG) (73). The GaAs surface can be
freshly prepared from the MBE chamber or thermally de-
sorbed in the UHV oxide chamber (74). GaAs MOS diodes
were fabricated with establishment of accumulation and in-
version in both n and p channels (Fig. 13). An interfacial state
density in the low 1010 cm�2 eV�1 range was demonstrated
(73–75). With this high-quality Ga2O3(Gd2O3) as a gate
dielectric and a conventional ion implantation process,
enhancement-mode GaAs MOSFETs with inversion were
demonstrated on semiinsulating GaAs substrates in n- and
p-channel configurations (Fig. 17) (36,76). Furthermore, de-
pletion-mode GaAs MOSFETs were fabricated (77), with a
1 �m � 100 �m device showing excellent dc and microwave
characteristics with low output conductance. Complete pinch-
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off at Vg � �2.5 V and operation in the accumulation mode of
up to Vg � 2.5 V were measured. The maximum transconduc- Figure 17. Drain I–V characteristics of typical enhancement-mode
tance was 100 mS/mm, with a high drain current density of inversion-channel (top) p- and (bottom) n-GaAs MOSFETs with a

gate geometry of 4 �m � 50 �m.315 mA/mm. Microwave measurements yielded an fT of 14
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Other Compound Semiconductors

InGaAs. The ternary alloy In0.53Ga0.47As, lattice-matched to
InP substrates, has a large �L intervalley separation and
high low-field electron mobility and saturation velocity. These
characteristics should lead to devices with a high cutoff fre-
quency and switching speed. Despite all the advantages of
InGaAs, the Schottky gate characteristics on it are very poor,
and MESFETs cannot be realized. Through the years, a vari-
ety of techniques such as plasma oxidation, and deposition of
silicon dioxide and silicon nitride, have been used to passivate
the InGaAs surface to form a MISFET structure for better
gate characteristics (87,88). Both depletion- and enhance-
ment-mode MISFETs have been demonstrated (89,90). How-
ever, the devices still showed current drifting, hysteresis, and
negative threshold voltage for the intended enhancement-
mode device due to traps in the dielectrics and to surface con-Figure 18. Cross-sectional high-resolution TEM image of a
version during the implant-doping activation annealing.Ga2O3(Gd2O3)–GaAs sample prepared by in situ deposition in a UHV
With Ga2O3(Gd2O3), electron-beam-deposited from a high-pu-system. The amorphous nature of the Ga2O3(Gd2O3) (upper part) is in
rity single crystal Ga5Gd3O12 source, as an insulated gate andgross contrast to the lattice image of the crystalline GaAs substrate

(lower part). The interface roughness is on the order of a few mono- with a conventional implantation process, n-channel enhance-
layers. ment-mode In0.53Ga0.47As MOSFETs on InP semiinsulating

substrate were fabricated (Fig. 19). A 0.75-�m-gate-length de-
vice exhibits an extrinsic transconductance of 190 mS/mm,
which is an order-of-magnitude improvement over previously

Other Insulators. In 1979, Yokoyama et al. (80) used MBE
reported enhancement-mode InGaAs MISFETs. The device

to grow Al2O3 on GaAs with Al and O2 beams, but without any
shows no leakage current and no hysteresis. A current-gain

success in obtaining good MIS measurements. In 1994, Jeong
cutoff frequency ft of 7 GHz and the maximum frequency of

et al. (81) sulfide-treated a (100) n-GaAs substrate, formed
oscillation, fmax, of 10 GHz were obtained for the device, with

1000 Å of P3N5 in PCl3–NH3–H2 at Td � 200�C by photo-CVD,
gate dimensions 0.75 � 100 �m2 at a gate voltage of 3 V and

and annealed at 300�C. Normally-on-mode devices were fabri-
drain voltage of 2 V (Fig. 20).

cated, but showed hysteresis. At the same time, another in-
teresting CVD deposited insulator was developed by Reed et

Phosphides: InP and GaP. Thermal and plasma oxides in the
al. (82). First, Ge was deposited at a low substrate (n-GaAs)

phosphide system possess characteristics similar to other
temperature 250�C using GeH4 and remote-plasma-excited

III–Vs in that the composition is InPO4 mixed with In2O3 (91),
He, and after subsequent Si3N4 and Si depositions on top of

but there is no elemental accumulation of phosphorus (P) at
the Ge layer, the structure was annealed by rapid thermal

the interface at high oxidation temperatures. At very high
annealing (RTA), which improved the hysteresis dramati-
cally, with a Dit of 1011 cm�2 
 eV�1.

One unlikely candidate for GaAs insulator came out of the
MIT Lincoln Laboratory in the 1980s: low-temperature-grown
GaAs (LTG). While standard GaAs is grown at 600�C, LTG
GaAs is grown at 200�C to 250�C. It is highly nonstoichiomet-
ric and has �2% excess As that precipitates out upon anneal-
ing at T � 500�C. The as-grown material is dominated by hop-
ping conduction, but becomes highly resistive after annealing
(106 	 
 cm) as the material becomes single-crystal GaAs with
As precipitates embedded. However, if the LTG GaAs is not
annealed with AlAs caps on either side, all the excess As will
diffuse out of the material and no precipitate features will be
observed. Chen et al. (83–85) published MISFET results from
1991–1996 using LT GaAs as the gate insulator. However, no
inversion was achieved, and the devices, unlike the Si MOS-
FETs, operated in depletion mode.

Wet chemical sulfur (S) passivation has been applied to a
GaAs (100) surface. The optical photoluminescence and elec-
trical measurements showed a large reduction in the surface
recombination centers. The surface structure of the S-passiv-
ated GaAs (100) surface is very complex. The S atom forms a
stable bridge bond with two Ga atoms along the [011] azi-
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muth, and on top of this ordered surface layer is a disordered
arsenic sulfide film. The As sulfide can be rinsed off the sur- Figure 19. Drain I–V characteristics of a typical 1 � 50 �m2 en-

hancement-mode n-channel InGaAs MOSFET.face by DI water (86).
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terized by XRD, XPS, and secondary-ion mass spectroscopy
(SIMS), and reported an interfacial state density of 1011

eV�1 
 cm�2 at 0.48 eV below the conduction band (InP Eg �
1.3 eV) (97). CCDs and solar cells have also been fabricated
from this system.

Antimonides: InSb, GaSb, and AlSb. As in GaAs, the thermal
oxidation process in InSb and GaSb (250�C to 500�C) produces
mixed group III and Sb oxides (38) with pitted and rough in-
terfaces (98). Since the outdiffusion of Sb is slow and the free
energy of formation associated with group III is high, the Sb
accumulates at the interface. Rosenberg first detected a me-
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tallic layer of Sb in the interface of thermally oxidized InSb
(99). The anodic oxides do not improve the situation. MoreFigure 20. RF frequency response as a function of the gate voltage

of an InGaAs MOSFET with a gate dimension of 0.75 � 100 �m2. recent results reported an interfacial state density at 1013

cm�2 
 eV�1 (100), which implies limited field effect modula-
tion. As with all other anodic oxides, annealing lifts off the
oxide, which then dissociates. In general, the electrical char-temperatures (�600�C), the surface roughens tremendously
acteristics of InSb and GaSb thermal or anodic oxide MIS-(92). These are comparatively ‘‘soft’’ III–V materials and have
FETs are plagued by hysteretic C–V curves, dc drift, and highno suitable native oxides, since the oxides are unstable at all
dc conductance.temperatures.

Wet chemical (NH4)2S treatment has been found to one of
HgxCd1�xTe. Mercury cadmium telluride is a narrow-band-the most successful methods to remove defective surface na-

gap II–VI material employed extensively in infrared detec-tive oxides on InP (100). The treated surface is reasonably
tors. Some earlier experiments on annealed anodic MIS struc-stable in ambient atmosphere. Surface analysis on the treated
tures were done by Stahle et al. in 1987 (101). C–V and Augersample revealed that the surface is covered by one monolayer
analysis elucidated serious stability problems; the annealedof S. The S atom occupies a P vacancy site, forming a bridge
(100�C) p-type MIS became an n-type MIS due to excessbond with two In atoms along a [011] azimuth, as shown sche-
charge diffusion. In addition, fixed charges and slow trapsmatically in Fig. 21 (93). The surface energy band structure
plagued the oxide and the interface. Thus, researchers haveis altered dramatically by the S passivation. For example, the
concentrated most of their efforts in the more successfulsurface bandgap of S–InP(100) is found to be about 5 eV.
MCT-IR detectors for defense and astronomy applications.The GaP thermal oxide has uniform GaPO4 and no P at

the interface, and is smooth up to 950�C, but has voids at the
interface. Although no voids exist for wet oxides, the film GaN and AlN. Recent oxidation studies in this material
cracks due to thermal stress (94). Anodic oxides are slightly system have been stimulated by the success of blue LEDs and
better according to the first MIS results obtained by Wilm- lasers. Oxidation experiments have been performed by re-
sen (95). searchers who are interested in making power electronics. Be-

The first depletion-mode FET was demonstrated by Mes- cause nitride materials are grown at high temperatures
sick et al. using pyrolytically deposited SiO2 (96). These de- (�1000�C), thermal oxidation may also require such tempera-
vices did not show degradation in low-frequency response, tures. To study the stability of GaN in potentially oxidizing
such as was reported in GaAs MISFETs. Although this result environments, Wolter et al. (102) used XPS to analyze GaN
is not always reproducible due to uniformity problems, it epilayers exposed to dry air at various temperatures for 1 h
translates to less influence from surface traps and the ability to 25 h. They found a reaction-rate-limited process that oxi-
to set dc levels. Since then, more MISFETs produced by de- dized at temperatures above 900�C.
posited oxide on InP have been characterized. Hbib et al. A number of GaN FETs and AlGaN–GaN heterostructure
used PON–n-InP by vapor transport (280�C to 350�C), charac- FETs have been reported (103,104). However, the conven-

tional low-resistance n�-cap layer structure for the GaAs tech-
nology cannot be applied in the nitride system to reduce para-
sitic resistances, because no adequate gate recess technology
is available. Hence, a viable MOSFET approach is desirable.
GaN MIS diodes were demonstrated utilizing Ga2O3(Gd2O3) as
an insulator (105). The MIS diode showed good charge modu-
lation from accumulation to depletion at different frequencies.
The interfacial roughness of Ga2O3(Gd2O3)–GaN is as small
as �3 Å, as estimated by X-ray reflectivity.

Conclusion

From the large amount of research results (both experimental
and theoretical) accumulated over the last 35 years on the

In

P

S

[100]

[011]

35°

α

compound semiconductor–insulator interfaces, we have
learned that the aspects of (1) surface exposure, stoichiome-Figure 21. Structure of the sulfur-passivated InP (100) surface,

viewed in the [1,�1,1] direction. try, and defects, (2) thermodynamic stability, and (3) intrinsic
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17. C. T. Liu et al., 2.5 nm gate oxide without boron penetrationFermi-level pinning have to be addressed in overcoming ma-
for 0.25 and 0.3 �m PMOSFETs, Dig. Tech. Pap., Symp. VLSIjor sources of interfacial states. Besides the electronic interfa-
Technol., 1996, p. 18.cial states, other practical criteria for choosing a passive insu-

18. C. T. Liu et al., High performance 0.2 �m CMOS with 2.5 nmlating films include film density, adherence, chemical
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Dig., Int. Electron Devices Meet. (IEDM ’96), San Francisco, 1996,tivity, and electrical breakdown field strength (67). Oxidation
p. 499.of compound semiconductors by thermal, anodic, or other ex-

19. Courtesy of F. H. Baumann of Bell Labs, Lucent Technologies,otic treatments as discussed in this section produces pinned
Murray Hill, NJ.surfaces. Although deposited insulators are presently used in

20. C. Kittel, Introduction to Solid-State Physics, New York: Wiley,practical devices, most of them still have a high density of
1956, 2nd ed.electronic interfacial states, the major difficulty of compound-

21. N. Gonon et al., Growth and structure of rapid thermal siliconsemiconductor passivation.
oxides and nitroxides studied by spectroellipsometry and AugerExperimentally, deposition in UHV is preferred to mini-
electron spectroscopy, J. Appl. Phys., 76 (9): 5242, 1994.mize surface exposure (particularly to avoid oxidation) and to

22. S. J. Fang et al., Comparison of Si surface roughness measuredachieve an atomically ordered, chemically clean, and stoichio-
by atomic force microscopy and ellipsometry, Appl. Phys. Lett.,metric compound semiconductor surface before the deposition
68 (20): 2837, 1996.

of insulators. However, it is not clear how to avoid the intro-
23. Z. H. Lu, in E. Garfunkel (ed.), Fundamental Aspects of Ultra-duction of compound-semiconductor gap states by the elec-

thin Dielectrics on Si-based Devices, Amsterdam: Kluwer, 1998,tronic structures of the deposited species. With the evapora- pp. 49–63.
tion of Ga2O3(Gd2O3) on GaAs and InGaAs, the first

24. R. B. Fair, Physical models of boron diffusion in ultrathin gatecompound-semiconductor interfaces with thermodynamic sta-
oxides, J. Electrochem. Soc., 144 (2): p. 708, 1997.

bility and low Dit were achieved. Furthermore, with the aiding
25. D. M. Brown and P. R. Kennicott, J. Electrochem. Soc., 118:of a conventional ion-implant technology, the first enhance-

293, 1971.
ment-mode GaAs MOSFETs were demonstrated in 1996. Re-

26. H. G. Pomp et al., Lightly N2O nitrided dielectrics grown in asearch efforts are now in progress to understand the funda-
conventional furnace for E2PROM and 0.25 �m CMOS, Tech.mental aspects of attaining low Dit in this novel oxide on Dig., Int. Electron Devices Meet. (IEDM ’93), Washington, DC,

GaAs and InGaAs. 1994, p. 463.

27. L. K. Han et al., Highly suppressed boron penetration in NO-
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