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Crystalline SizN, thin films on Si(111) and the 4x 4 reconstruction on SgN,(0001)
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Crystalline silicon nitride (SN,) thin films have been grown on @il1) surfaces by exposing the substrate
to NH; at a temperature 01075 K. An “8X 8" electron diffraction pattern was observable even for a
relatively thick SiN, film. Images of the same surfaces obtained with a scanning tunneling microscope show
surface superstructure with a period of 30.7 A, and a minimum step height of 2.9 A. These suggest the
formation of 8—SiN,, with SiN,(000DIISi(111). The 30.7-A periodic superstructure is attributed to the 4
X 4 surface reconstruction on48i,(0001).[S0163-182009)50428-1

In recent years, silicon nitride has drawn wide attention inLEED pattern were significantly brighter than other frac-
studies related to microelectronic applicatidfsCompared tional spots. Nevertheless, the “8{8/3” reconstruction
to SiG,, silicon nitride and silicon oxynitride are expected to cannot lead to the whole “88” LEED pattern. Further-
be more stable in a strong electric field and at a high workingnore, the 8/3-periodicity can hardly be correlated with the
temperature. They should also be more effective as diffusio®i;N, crystal structure. Since the nitrided regions did not
barriers to impurities such as boron. These make silicon nicover the whole surface in these STM studies, it was difficult
tride a promising candidate to replace $i@ metal-oxide- to determine whether stoichiometricsSj, films have been
semiconductor field-effect transisttviOSFET) and storage formed, or the observed features were the structure induced
capacitors as the device scales continue to decrease in intgy the reaction of nitrogen with just the top layer of &i1).
grated circuits. In addition, high quality GaN has been grown Here, we report on the results of our systematic experi-
recently on a silicon nitride film on §i11).°> This should mental investigation in clarifying the above issues regarding
lead to the prospect of integrating optoelectronic devicesilicon nitride thin film growth on SiL11). Our particular
with silicon-based circuits. The growth mechanism of siliconinterests are in the possibility of crystalline silicon nitride
nitride films on silicon and the morphology of the films, film growth on silicon and the surface atomic structures on
including the surface atomic structures, are important tasuch films. The possibility of crystalline dielectric film
these applications. Our current knowledge of these fundagrowth on silicon could lead to the realization of multilayer
mental issues, however, is rather primitive. integrated circuits and fabrication of devices made of other

Silicon nitride films can be grown on silicon by exposing crystalline materials on Si substratésThe surface structure
a Si substrate to nitridation gases such as; lid NO™>or  of a dielectric thin film could have a strong influence on the
to N atoms and ion&°~®Although NH; molecules dissociate growth of other materials above the film. We employed a
and react readily with Si surfaces at 300 K or even cofder, combination of STM, LEED, and AES instruments to exam-
stoichiometric SjN, films cannot form until the sample tem- ine the features that appeared on the samples after exposure
perature is raised above 850 K for hydrogen desorption angb NH; and vacuum annealing. If crystalline silicon nitride
Si out diffusion to occut?* The physical properties of sili- films were formed, periodic surface atomic structures and flat
con nitride films grown on Si have been analyzed with x-rayterraces with atomic steps of specific heights would be ob-
and ultraviolet photoelectron spectroscopy, Auger electrogerved. These features would be observable in later stages of
spectroscopy(AES), and low-energy electron diffraction film growth, not just at the beginning of nitridation. Further-
(LEED).*~* After nitridation, the Si P binding energy more, these particular features could be correlated with the
showed an increase of more than 2 eV. The Si LVV Augerknown structure of silicon nitride crystals, and certain orien-
peak shifted correspondingly from 91 to 84 eV. An X&” tational relationship between the epitaxial film and the
LEED pattern[the quotation marks are used to denote theSi(111) substrate could be identified.
periodicity on a silicon nitride surface with the basis of The experiments were conducted in an ultrahigh vacuum
Si(111)] was observed on silicon nitride film grown on (UHV) system consisting of an analysis chamber and a
Si(111), indicating that a superstructure with periodicity of sample preparation chamber separated by a gate valve. The
30.7 A (3.84 A< 8) exists on the film surface. But whether analysis chambetbase pressurel0 ‘°mbar) is equipped
the film is crystalline SN, and what is the orientational with a scanning tunneling microscope, a four-grid optics for
relationship between the nitride film and Si substrate were EED and AES. Both chambers are installed with electron
unclear. bombardment heaters for sample annealing. The temperature

Recently, there have been scanning tunneling microscopygf a Si sample during annealing was monitored with an ac-
(STM) studies of silicon nitride film formation on curacy of =20 K using an infrared pyrometer, with an ap-
Si(112.13*%In all of these STM studies, a 10.2-A periodic propriate emissivity correction. In the analysis chamber,

structure was observed, which can be called a *8383” Si(111) samples cut from nominally flat commercial wafers
reconstruction. The existence of this 8/3-periodic structurén-type, p~10Q cm) and mounted on predegassed holders
can explain the fact that th€3/8,0 spots of the “8x8” made of refractive metals were annealed at 1530 K for 1 min
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1X1 of
Si(111)

"8/3X8/3"

FIG. 2. LEED patterns observed for a silicon nitride film grown
on Si(111) at 1175 K. The primary electron energy is 35 eV. The
representative spots for Si(D)r{1x1), “8 X8,” and “8/3xX8/3"
periodicity are marked accordingly.

FIG. 1. 500 nnx500 nm gray-scale STM image of silicon ni-
tride film grown on Si111) at 1175 K. The sample bias was$.3 V
and the tunneling current was 0.2 nA.

with chamber pressure belowx30™°mbar to get rid of nitride film shown in Fig. 1 is 2.20.1 A, which is equal to
oxide and other contaminants. After this procedure, thehe lattice constant g8—SkN, in the[0001] direction. Many
samples showed good surface order and no contamination ateps are twice or three times as high as the minimum-height
verified by LEED, STM, and AES. Nitridation was per- step. On a clean 8il1) surface, steps of twice the mono-
formed in the preparation chamber by introducingNéithe  layer height are rarely seen, and triple-layer steps can be
sample surface through a precision leak valve and a dosinpund only when the average step spacing=is50 A8 Al
tube. The sample was about 1 cm away from the tube exiof these indicate that a crystalline film different from the
during NH; exposure. The pressure reading of the ion gaug®i(111) substrate is formed after the high temperature nitri-
in the preparation chamber was used as a qualitative monitalation. The step height data suggest that the filBHSKEN,,
of the NH; flux. The typical pressure reading was about 3with Si;N,(000D)ISi(111).
X 108 mbar during nitridation. The real pressure in front of  Crystalline SiN, can exist in two phases involving differ-
the sample could be an order of magnitude higher than thent stacking of thg0001) basal plane$??° The trigonala
ion gauge reading. The ratio of Auger peak height at 84 e\phase has aABCDABCDstacking with ac-axis period of
for nitrided Si to that at 91 eV for elemental Si was used a.6 A, while the hexagongB phase has a relative simple
a rough quantitative measure of the nitride film thickn€ss. ABABstacking with ac-axis period of 2.9 A. It is generally
In such a self-nitridation of Si crystal, the nitride film thick- considered that the phase is a low-temperature phase and
ness is limited to about 30 A by the difficulty of Si diffusion the g phase is stable at high temperature. Because sizable
through the film'®!!* STM images were taken when the SisN, single crystal is not available, there is no accurate
sample was cooled down to room temperature. The scales determination of its physical properties, including its surface
LEED pattern and STM images were calibrated with the 7structure. The atomic configuration of the bulk-terminated
X7 reconstruction and atomic steps on &1$1) clean sur-  SizN4(0001) surface is sketched in Fig. 3. The diamond-
face. shaped X1 unit cell is drawn with dashed lines at the
Figure 1 shows a STM image obtained on g1%1) upper-right corner. The length of a side of the diamond is
sample exposed t0X310 & mbar NH; for 20 min at 1175 K. 7.60+0.01 A Y® which is about 1% less than twice the 1
Terraces and steps characterizing a crystalline film are<1 period on Sil11). Each layer of the X1 cell consists
clearly seen. The ratio of the Auger peak height of nitridedof four N atoms and three Si atoms. One N at@pen or
Si to that of elemental Si is approximately 0.5 after such dilled square in Fig. 8forms bonds with three Si atoms in the
nitridation. This Auger peak ratio changed little after further (0001 plane, henceforth called horizontal N atom. The other
nitridation at the same condition, indicating a state of satuthree N atomsgopen or filled triangles in Fig.)¥orm bonds
ration. The estimated thickness of the nitride film is approxi-with Si atoms in a plane perpendicular to the horizontal
mately 30 Al An “8 x8” LEED pattern, as displayed in plane, henceforth called vertical N atoms. TheN\gicrystal
Fig. 2, has been observed for the nitride film. This LEED possesses threefold rotational symmetry with respect to
pattern indicates the existence of a surface periodic ordefp001] axes passing through the horizontal N atqisndB
which also suggests that the film is crystalline. On the origi-sites or the center of the hexagdsite C). The good matches
nal flat S{111) surface, there are roughly parallel monolayerin lattice constants and in symmetry make the epitaxy of
atomic steps(3.14 A in height spaced about 250 nm on crystalline SiN, film on Si(111) possible.
average. The locations and topology of the steps on the ni- The “8X8” LEED pattern in Fig. 2 implies the existence
tride films have no correlation with the steps on the originalof a surface superstructure with a periodicity of 3.84 8
Si(111) surface. The minimum step height measured on the=30.7 A on the surface of the silicon nitride film. The spots
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FIG. 4. STM images of the 4 4 reconstruction on §\,(0001)
FIG. 3. Atomic configuration on bulk-terminated responsible for the “& 8" LEED pattern shown in Fig. 2. The 4
B—SiN,(0001) surface. Thex 1 unit cell and the &4 super cell x4 unit cells are outlined with dashed-line diamon¢s. 95 A
are outlined with the small and large diamond, respectively. Threex95A unoccupied-state image taken %Wt=+3.33V and I
types of threefold symmetric sites are markedAa$3, andC. =0.11nA, on a sample treated with a 1-mitx 10 8 mbar NH,
) nitridation at 1075 K and a 2-min annealing at 1175 K. The arrow
marked as “8/%8/3"” are usually brighter than other frac- represents thd112] direction of S{111) substrate.(b) 275 A

tional spots, which led previous investigators to believe thatc210 A unoccupied-state image from a sample treated with a 20-
the surface periodicity is 3.84A8/3=10.2A* Indeed,  min 3x 108 mbar NH, nitridation at 1175 K.

only the 10.2-A periodic structure was observed in previous
STM studies*™ However, we have observed both the can be deduced from the unoccupied-state STM image in
30.7-A and 10.2-A periodic structures, depending on theFig. 4@a). The diamond-shaped unit cell as marked in the
sample preparation conditions. STM images of the 30.7-:3image has one bright circular dot at each apex. The unit cell
periodic structure on the $i, film are displayed in Fig. 4. can be divided into two equilateral triangles. In the upper
We have observed this superstructure on samples preparéghngle there are three higher-level protrusive complexes,
with NH; exposure ranging from 1 min atx110 ®mbar  and there is one lower-level slightly protruded feature in the
[shown in Fig. 4a)] to 20 min at 3<10 8 mbar[shown in  middle of the lower triangle. In the occupied-state STM im-
Fig. 4(b)], with the substrate aT=1075K. The ratio of ages(not shown, the upper triangle also appears brighter
Auger peak height of nitrided Si to that of elemental Si var-than the lower one. These indicate that the upper half of the
ied from 0.2 for a 1-min nitridation to 0.5 for a 20-min unit cell is truly more elevated topographically than the
nitridation. These results indicate that the superstructure iwer half.
intrinsic to the SiN,(0001) surface, rather than just a chemi-  The area of the 44 reconstruction unit cell is outlined as
sorption configuration on 8i11) in the early stage of nitri- the large diamond on the bulk-terminatedN5(0001) sur-
dation. We assign this superstructure to thefreconstruc- face model in Fig. 3. It involves several hundreds of atoms,
tion on SiN,4(0001), and emphasize that it is this which makes it extremely difficult to determine the atomic
SisN4(0001) 4% 4 reconstruction that generates theX8” configuration of the reconstruction super cell. The exact
LEED pattern. atomic configuration at the §h,(0001/Si(111) interface is
Certain details of this §N,(0001) 4x4 reconstruction also unknown. Nevertheless, our STM results have already
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provided some clues for resolving these issues. For example, In addition to the 44 reconstruction, we have also ob-
our STM images indicated that the orientation of the crystalserved the 10.2-A periodic structure, i.e., the “8/8/3”
line Si;N, film with respect to the Si substrate is unique: Thereconstruction, on $111) exposed to X 10”8 mbar NH; for
[112] direction of the Si substrate is along the longer diag-L Min at 1075 K. When annealed at 1175 K for a few min-
onal of the 4x4 unit cell, pointing from the lower apex to utes, the 1_0'2'A periodic area was co_nverted to thead
the upper apex as marked in Figa# STM images in Fig. 4 econstruction. We have noticed that, if the purity of NH
also show that the surface is threefold symmetric about é('.sed for nitridation degrades, the “8(8/3" structure per-

. : . . Sists and the transition to thex#4 cannot happen. The im-
rotational axis passing an apex of th& 4 cell. The possible o : o

. in Eig. 32 purity in the degraded Nfgas has not been identified be-
locations of the apexes on the model surface in Fig. '€ cause its level is below our detection limit. It could be

B, andC sites, because these sites all have threefold Symm%’xygen or water vapor. The degree of nitridation is severely
try. If one type of the symmetric sites is chosen as the apeyingered by the impurity. AES measurements showed that,
to draw the 4<4 diamond-shaped unit cell, it is easy t0 Se€gfiar 4 20-min X 10 8 mbar degraded-N exposure at
that the upper and lower triangles are nonsymmetric about175 K, the height ratios of the N peak and the nitrided Si
the short diagonal of the unit cell. When tAssites were the  peak to the elemental Si peak decreased by a factor of 3, and
positions of the apexes, as sketched in Fig. 3, théhsite 5 regpectively, compared to the case using pureg. Nitie
would be at the center of the upper triangle and site for e severe decrease of the N peak indicates that the stoichi-
the lower triangle. In other words, the apexes of the d'amon%metry of the “8/3< 8/3” and the 4x 4 structures are differ-
and the centers of the upper and lower triangles are threg
different types of threefold symmetric sites. This is consis- g, comparison, we have also examined the surface mor-
tent with the STM image in Fig. (& which shows that the  ,ho10gy of S{001) samples after the similar nitridation pro-
centers (_)f both the upper and lower triangles are threefolqessing_ The initial order on ®01) was destroyed gradually
symmetric, but they are different from each other and fromy,y, the nitridation, and no surface order was observed even-
the apex sites. The consistency between .t_he ST™M observ%a"y_ The nitride films grown on §01) were completely
tion and the model structure provides additional support for, 51 hhous. The lack of proper matches in surface lattice
our assignment of the 30.7-A  periodic structure t0constants and in symmetry makes crystalline silicon nitride
SisN4(0001) 4x4 reconstruc_:t|on. _ growth impossible on §001).

Because of the complexity of th8—SiN,(0001) 4x 4 In summary, we have observed crystalline silicon nitride
reconstruction, defects such as domain boundary and irregi, growth on S{111) after NH; exposure aff=1075K.
lar unit cells have been quite abundant on the surfaces. RelaTy measurements suggest that the filmgisSikN,, with
tively good quality STM images of the>d4 reconstruction SizN,(000D)[Si(111). A 4X4 reconstruction has been ob-

were obtaingd after NHexposure at 1175 K followgd by served on the $N,(0001) surface, which yields the “88"
UHV annealing at the same temperature for 2—5 min. Eveq ggp pattern.

then, the sizes of theX4 domains were on the order of 100
A. We are still searching for the proper preparation condi- This work was partially supported by the Research Grant
tions to improve the surface order. Council of Hong Kong SARGrant No. HKUST6127/97P
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