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Si(111)-(7X7) surface probed by reflection high-energy positron diffraction
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We report the observation of reflection high-energy positron diffraction fronx& Teconstructed $i11)
surface with a well-collimated 20-kV positron beam. The diffraction pattern clearly exhibited fRe-(3/7)
order Laue zones in addition to the zeroth and first Laue zones. From the dynamical calculation of the rocking
curve in the total reflection region, the vertical position of adatom layer was determined to be 1.52 A relative
to the stacking fault layer. This value is greater than that predicted in the first-principles study suggesting a
significant outward relaxation of adatoms.
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In this paper, we demonstrate the observation of reflectiomontinuity can be used to calculate the bond length of ada-
high-energy positron diffraction (RHEPD from a toms. Thus, RHEPD rocking curve appears to be more
Si(111)-(7x7) surface. The rocking curv@ntensity versus sensitive than x rays for examining the surface region.
glancing anglgof totally reflected positrons is carefully ana- ~ With the above facts in mind, we have observed the pos-
lyzed using the dynamical diffraction theory. The verticalitron diffraction from a Si(111)-(X7) surface. We pre-
positions of adatoms in the dimmer-adatom-stacking-faul€isely measured the rocking curve and extracted the vertical
(DAS) structure are precisely determined with a minimumpositions of adatoms.
influence from the inner structure. The sample used in this study was a phosphorus doped

The atomic arrangement of the X7 reconstructed N-type S(111 wafer with a resistivity of 102 cm (15<5
Si(111) surface was fully determined by direct observation 0-5 ). After the surface cleaning with an acetone and
using a scanning tunneling microscope and Patterson anal{/trapure water, the sample was transferred g\to a vacuum
sis of the transmission electron-diffraction pattefirhese ~chamber evacuated to a base pressure>ol® ° Pa. The
confirmed the DAS structure proposed by Takayamagil? Sample flashing was done by a direct current flow
for Si(111)-(7x7) surface. Meanwhile, the interlayer dis- (—14 A) for a few seconds and by cooling down slowly to
tances in the DAS structure were determined in low-energ vqld the surface defect formation. This flashing method is
electron diffraction(LEED),? reflection high-energy electron ordinarily employed to form a X 7 reconstructed surface. A
diffraction (RHEED),* and x-ray diffraction(XRD).® The 20-keV vv_ell-colllmated positron beam with a fIl_Jx of .2
obtained interlayer distances are more or less in good<10° positrons/s was generated by an electrostatic positron
agreement with those obtained by the first-principlesP€am described elsewhefeThe sample surface was irradi-
calculation” However, the position of the adatom layer 8t€d with the beam and backscattered positrons were de-
determined by XRD is likely to be overestimaté@ihe phase tected using a Hamamatsu F2226-24P multichannel plate as-
transition of Si(111)-(% 7) surface at high temperatufégs ~ S€Mbly(MCPA) containing a phosphor plane. The phosphor
dominated by thermal properties of adatoms. It is importanPlane images of scattered positrons were observed by a

to know the vertical position of adatoms. However, the abové&©omputer-controlled charge-coupled device camera. The im-
discrepancy has not yet been revealed. age flames were digitally integrated with a rate of 30.s

Since the establishment of RHEPD, it has been showr he rocking curve of specularly reflected positrons was mea-
that the total reflection positron diffraction has the capabilitySured as a function of glancing angle from 0.5° to 4.2° with
to measure small surface atomic displacements with a precf-1° step, Details of the apparatus were described
sion of 0.01 nn~! It is known that x rays are also totally €lsewhere _ _
reflected at crystal surfaces. This property is thought to be Although the beam intensity was rather low, the energy
useful in determining atomic arrangements at the surfacédnd angular divergences were less than 0.1% and 0.1°%,
Characteristic differences between positrons and x rays af@spectively® The Si(111)-(7<7) surface has seven times
due to their penetration depths and reflectivities. Due to th@reater lattice constant<(3.84x7~30 A) as compared to
rapid extinction of the incident positron wave, positronsthe bulk truncated surface. To observe it, the coherence
probe much shallower regiorfa few angstromsthan x ray  length of the positron beam should be long enough. The
(typically >100 A). Strong interaction between positrons coherence length parallel to the surface is given by
and nuclei results in more than three orders of magnitud@4-FE"7AE, whereE and AE are the respective beam en-
greater reflectivity as compared to x ray. The multiple-erdy and its spread. Thus, the coherence length of the present
scattering processes must be accounted for when analyzikgam is~170 A and hence adequate to observe a77
RHEPD rocking curve and pattern. Nevertheless, the bon&econstructed surface.
length of atoms on surface can be approximately estimated Figure 1 shows the RHEPD pattern obtained for incidence
from the fine structures in the rocking curve. For instance, ifof the [112] and a glancing angle of 1.5° after the image
adatoms exist on a surface, an absorptive peak or a discoaecumulation for over 8 h. The glancing angle chosen here is
tinuity is observed in the rocking curve. The location of dis-very close to the condition satisfying the first Bragg reflec-
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FIG. 1. Reflection high-energy positron diffraction pattern from
a Si(111)-(7<7) surface at the112] incidence and glancing angle
of 1.5°. Incident positron energy is 20 keV. The Laue zone and spot
positions expected from X7 reciprocal lattice are schematically 1
shown on the right. 0 1 2 3 4 5

tion. It is seen that three obvious ring patterns exist between Glancing angle (deg)
the zeroth and the first Laue zones. To confirm that these g > (q) Filled circles show the experimental rocking curve of

patterns are coming from thex77 reconstructed surface, the gpecularly reflected positrons in the one-beam condition (7.5° away
spot positions cglculated from the km_ematlcal theory are _als<pr m the[112] direction with an incident positron energy of 20

shown. From this agreement, three ring patterns are assignggy solid line exhibits the best rocking curve calculated using the
to 1/7-3/7 Laue zones. The 4/7—6/7 Laue zones were NQfynamical theory by adjusting the distance between adatom and
clearly seen by eye. To visualize these weak patterns morgacking fault layers and absorption potential due to electronic ex-

clearly, we need to enhance the beam intensity furthermorggation. (b) Rocking curve calculated using the parameters deter-
so as to overcompensate the dark current from the MCPAmined in the previous RHEED studgee text

The observed variation of the fractional order spots in the ) . o .
same ring pattern will be investigated using the dynamicaP'ther side of the dlSCOﬂtIHU!ty increase wher] the position of
diffraction theory more in detail taking into account of the the adatom relaxes further into the bulk region and thereby
atomic configuration of the DAS structure. suppresses interference effect, . .
Figure 4a) shows the rocking curve of the specular spot We attempted to reproduce the experimental rocking

o N L curve using the dynamical calculatfSnand to extract the
at 7'.5 away from th@llZ] direction(one-beam conditign vertical position of adatoms. In the calculation, the crystal
In this geometry, the rocking curve depends only on the ver-

. i . . potential was expressed as a complex potentialVg
tical p05|t_|0ns O.f af[omlc layers near tt'e sgrface redishe . ~iV’"). The imaginary part describes the inelastic damping,
specular intensity increases from 0.5° until a peak at 1.6°. A . /" .

which is composed of the phonon scattering potentig|

small shoulder at 2.2 . _and two more peaks at 2.7° and 3'A'and the electronic excitation potent\}. Thermal vibration
are also noted. The critical glancing angle for the total reflec-

S . of atoms was described using the Debye parameter. The layer
tion is calculated byl =arcsin{/,/E)*2, whereV, denotes ) :
the crystal potential® Taking V=12 eV from the Doyle sequences in the DAS structure were assumed as shown in

and Turner tablé> we obtaind.=1.4°. The Bragg condition Fig. 3.
is given by E sinf=37.51%/d*+V, (n, integer;d, bilayer
distance=3.14 A). Thus, the region up to 1.4° corresponds
to the total reflection. The peak at 1.6° originates from the
(111) Bragg reflection. Furthermore, the peaks at 2.2°, 2.7°,
and 3.4° can be assigned to the (222), (333), and (444)
Bragg reflections, respectively.

The intensity distribution below 1.6° reflects the condi-
tion of the surface. Absence of any absorption loss in this
region indicates that the surface is atomically smooth. How-
ever, the slope of the curve changes at around 1.1° as noted g 3. Definition of interlayer distances in the dimer-adatom-
in the figure. To confirm the existence of the small disconti-stacking fault structuréonly the unfaulted half is shown for sim-
nuity, we have repeated this experiment several times, eagllicity). d, and d,, d;—ds, dg and d;, and dg are the relative
giving the same results. The discontinuity is due to the exisdistances of atoms in the bulk layer, the dimer layer, stacking fault
tence of adatoms, i.e., the interference and inelasticlayer, and adatom layer, respectively, to the fourth layer. The dis-
scattering effects among positron waves reflected at the adance between adatom and stacking fault layer is giverdfy
tom layer and the next layer below it. The relative heights on=dg—ds.

Specular intensity (arb. units)
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TABLE I. Mean spacings between adatom and stacking faultprevious studies. Early electron-diffraction studiésuggest
layers (@aq) determined in the present and previous studies. d,q=1.23-1.28 A, which is comparable to the result of the
first-principles calculationd,4=1.34 A).” Recent more de-
PresenfA) XRD*(A) RHEED’ (A) LEED®(A) Theory' (A)  tailed RHEED study has reported a greater valug,(
=1.44 A) 8 The XRD study gives a remarkably high value

1.52 1.8 1.28, 1.44 1.23 L34 (d,q=1.58 A) 5 The present valued,=1.52 A) is shifted
aNote Ref. 5. to 0.18 A from that expected by theory. It has long been
bNote Refs. 4 and 8. thought that XRD.overestimates the distance between the
°Note Ref. 3. adatom and stacking fault layers. However, the present re-
dNote Ref. 7. sults indicate that thel,4 determined by XRD study is not

necessarily unrealistic. Thus, the distance between the ada-

The interlayer distance determined in the previous elec;?c:?n ingzstfikgng]gault layers should be within the range

tron diffraction and theoretical studies coincide to within 0.1 -

. The deviation ofd
A.2*"In the case of XRD, the adatom position was found to
be shifted away from the surface. Initially, the rocking curves

were _calculated using the atomic configurations determine xperiment: that is, the present diffraction experiment was
by using RHEED_and theofy/ These results were nearly the carried out at room temperature, while the theory assumes 0
same after including the same Debye parameter and the CIYR It is suggested that the adatom bond is softened as com-

tallpotential. Figure Q)). §hows thg rocking curve Calcullated pared to the bulk atom€.The soft adatom bond is thought to
using the same conditions as in the RHEE.D stdy.is ._dominate the migration of adatoms and initiate phase transi-
readily seen that the calculated and experimental rockmgaOn from the 7 7 to 1X 1 reconstructions at 1100 K. Also
curvlesﬂare.ln goo_d agrzement?%hz.g ) I-éowever, 'E T%o the electron energy-loss features at low temperattireight
:ﬁta re ectlontrgglont an aro(;m' t etrl]rst lraglgtpea (1. )be better understood by considering the anharmonicity of the
e agjrteemen ('js no tﬁs ?Oot smcef the Cﬁ_ Crl: a 'O':j wa; OPUqatom bond. It is therefore anticipated that the valudgf
mized to reproduce the features of the nigher-order | raggpproaches the ideal theoretical value at low temperatures.
reflections which are sensitive to the atomic configuration in The absorption potential due to the electronic excitation
rgla_ttwely deep regions. with elgctron _dlffrac_t|on Itis rather obtained above is approximately half of that anticipated from
difficult to determine the atomic configuration of the first the RHEED(Ref. 4 and the theory based on the bulk plas-
mo_lr_wlayer gue toﬂ:he mflue_nce Ir(I)m tT(E_’ Interior. the int mon excitatiort? Since the cross section of plasmon excita-
| 0 (;_eP[ro UCG‘;h € sxpertl_men at rot(_: Ilng %urt'\r/]e, D eb N ion itself should be quite similar for electrons and positrons,
ayert IS anc(:je., tt? aRIi(I)ErEIIDmt pdo enhla ,Idag ed.f.edy% P3he smaller absorption potential may be interpreted as a lack
rameter used in the study should be moditied. DUrge plasmon excitation due to incident positrons. Prob-
ing the |n|t|al CaI.C.UIat'OnS’ we fqund Fhat the rocking CurVes’ably, incident positrons are reflected mostly at the topmost
were quite sensitive to the relative distance between adatog‘brface and hence the surface plasmon excitation with a

and stacking faul_t layersog=dg —ds) and not to the shift smaller energy may be more efficient as compared to the
of the other atomic layersdf—ds andd;). It was also found bulk plasmon excitation with a larger energy.

that the changes in the Debye parameter and absorption po- |, conclusion, we have confirmed the high-energy posi-

tential due to the thermal diffuse scattering resulted in mino‘iron diffraction from a Si(111)-(X 7) surface. The rocking

effects to the curve shape in the total reflection region. Thuscurve of the specularly reflected positrons was determined in

the distance between the adatom and stacking fault laye‘iﬁe one-beam condition. It was found that the intensity dis-

and the absqrptlon potential due to electro_mc excitationsin tion of totally reflected positrons was sensitive to the

(Ve) were varied so as to reproduce the experimental rockingjisiance hetween adatom and stacking fault layers and to the
curve. The other interlayer distances were fixed at the samgg ronjc absorption potential. A detailed analysis based on
values obtained from the glectron dlffractlf)ﬁihe Debye the dynamical theory revealed that the adatom layer under-
parameter and the absorpt2|on potential for thermal diffusey o553 greater outward relaxation than that expected from
scattering were fixed at 0.3%and 0.2 eV, respectively. The first-principles calculation. The distance between adatom and

solid Iing in Fig: Za) is the best calculated rocking CUIVE. tho first layer can be determined precisely by RHEPD and
The optimum distance between adatom and stacking faulkpp A shift of interlayer distances in the subsurface region
layers and the electronic absorption potential were deter;

) , s observedseveral atomic layeydy RHEED and LEED.
mined to bed,y=1.52 A andV,=0.25 eV, respectively.
The PendnR-factor was estimated to be 0.17 suggesting that This work was partly promoted as the Nuclear Energy
the experimental curve is well reproduced. Fundamentals Crossover Research in the Ministry of Educa-
Table | lists thed,q values obtained in the present and tion, Culture, Sports, Science and Technology of Japan.

ad from that calculated using the first
principles is not clear at present. One possible explanation
ay be the different temperatures used in calculation and
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