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The (1X1) to (2x 1) surface phase transition of the hydrogen-covered dianibht) surface is investi-
gated by core level spectroscopy, low-energy electron diffraction, and measurements of the electron affinity.
The latter method is shown to be a reliable measure of the hydrogen coverage. Prolonged annealing of the
surface at 1000 K converts the hydrogen-terminated 1] structure with an electron affinity 6f1.27 eV to
a hydrogen-free (& 1) reconstruction, increases the separation of valence-band maximum from the Fermi
level Er from 0.68 to 0.88 eV, and results in a positive electron affinityt@.38 eV. Annealing the surface
at high temperaturéup to 1400 K yields the same (2 1) surface structure albeit with an increase in the
separation of the valence-band maximum frBmto 1.42 eV and a positive electron affinity of 0.8 eV which
is associated with a partial surface graphitization. An analysis of the kinetics of the thermally induced hydrogen
desorption yields an activation energy of 1:28.2 eV. It was found that hydrogen desorption and reconstruc-
tion are surface phase transitions which are not directly linked. Instead, an intermediate phase with a high
concentration of dangling bondap to 70% is observed. The (X1) to (2X 1) phase transition is phenom-
enologically well described by a first-order transition provided a critical density of dangling bonds of about
70% is included in the analysis in such a way that the rate constant for reconstruction vanishes below that
value.[S0163-182699)10407-7

I. INTRODUCTION Apart from these differences between the hydrogen-
terminated and clean diamofitil1l) surfaces, a change in the
From a technological and scientific point of view the mostsign of the electron affinity is observed. The electron af-
important surfaces of diamond are the low-indd@t1) and finity of a semiconductor is defined as the energy difference
(100 surfaces. They account for the majority of the facets inbetween the vacuum levelt,,. and the conduction-band
polycrystalline chemical vapor depositid€VD) diamond  minimum (CBM) E¢:x=E,,.— Ec. Depending on the sign
films. Depending on the hydrogen coverage these surfaced y one refers to the surface as having positive or negative
exhibit different reconstruction's® The (2x1) reconstruc- electron affinity(PEA or NEA). The magnitude of the elec-
tion of the clean diamon¢l11) surface is usually described tron affinity as described above is closely related to the kinds
in terms of ther-bonded chain model of Pandewhich has  of adsorbates on the diamond surface. The cleani(Rre-
been successfully applied to describe the surface band strucenstructed as well as the oxygenated diam@htil) sur-
ture of diamond(111) (2x1).2 The hydrogen-terminated faces show PEA while the hydrogen-terminatedk(tl) sur-
diamond(111) surface has a bulklike (£1) structure and face exhibits NEA?1314
each carbon atom on the topmost layer is supposed to be Considering the considerable number of publications con-
terminated by one hydrogen atom. cerned with one or the other aspect of the dehydrogenation
The structural transformation from a hydrogenatedprocess and the reconstruction of the diam@hitll) surface
(1x1) to the hydrogen-free (1) reconstruction accompa- one might ask, why another study? The present study differs
nying the H desorption is reported to occur after annealing atrom the previous ones in several important aspe(gjslt
temperatures above 950 ®CAt the same time the surface applies a large number of UHV-compatible techniques si-
band bending also changes. The bulk Fermi level for type-llbmultaneously in order to characterize the state of the surface
semiconducting diamond normally lies 0.2—0.4 eV above thend its electronic structure as completely as possible. These
valence-band maximurivBM) depending on the acceptor are low-energy electron diffractioLEED) and C 1s core
concentration and that of compensating donors. On théevel studies to monitor the structural arrangement and the
hydrogen-terminated type-llb diamond the band diagram exehemical bonds of the surface atoms; work function mea-
tends with no or little downward band bending to the surements with a Kelvin probe and total photoelectron yield
surface'® After hydrogen desorption and surface reconstrucspectroscopy provide in combination with the € Hinding
tion at high temperature a large downward band bending ienergies information about electron affinity and surface band
often observed by photoelectron emission spectroscopy withending; the electron affinity furthermore is shown to be a
the surface Fermi level positioned 1.2—1.6 eV above the sumeasure of the hydrogen coverage. We induce the phase
face VBM1%!|n our recent mild surface annealing experi- transition from the hydrogenated XI1) to the hydrogen-
ment at a temperature of 727 °C, however, a stable Fernfree (2<1) surface by isothermal annealing at 1000 K as
level position of 0.88 eV above the surface VBM was mea-well as by isochronal annealing at increasing temperatures
sured for the (X 1) reconstructed diamond11) surface!>  using the same sample. This comparison provides insight
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into the kinetics of hydrogen desorption and reconstructioraccuracy of0.06 eV. The work function of diamond was
and clarifies some of the existing inconsistencies concerningneasured by the contact potential differef€®D) between
surface band bending as the result of dehydrogenation artie diamond sample and a gold foil using the Kelvin
reconstruction(iii ) In our analysis we do not assume that themethod®* The work function of the gold foil was in turn
(2% 1) reconstruction follows directly from the dehydroge- determined by fitting a Fowler function to its photoelectric
nation but allow for an intermediate state in which surfaceyield spectrum. This method gives an accuracy in the CPD of
atoms are neither bonded to hydrogen nor involved in thet10 meV and of£30 meV for the work function of dia-
reconstruction(iv) Last but not least, we utilize a reliable mond. The total photoelectron yield spectra were measured
method to measure the true temperature of the diamonby the setup described in Ref. 25. All measurements were
sample with an accuracy af10 K. In conjunction with the performed on the diamond surfaces that were allowed to cool
comparison mentioned undér) this turns out to be crucial down to room temperature after each annealing step in the
in the attempt to sort out some of the contradictions concerntHV chamber with a base pressure of about 3Ba.

ing the kinetics of hydrogen desorption and reconstruction

that have recently been recorded® IIl. RESULTS

A. Isothermal annealing at 1000 K
Il. EXPERIMENTAL DETAILS . .
The experiment proceeds as follows. After hydrogenation

A. Sample preparation and temperature measurement the CPD, the C & core level spectrum, and LEED are mea-

The sample used in this study was a natural type-Iib digsured. Then the sarr_lple with surface A is taken i_n a few steps
mond (111) single crystal with surface dimensions of 3 UP to 1000 K. At this temperature the sample is kept for a

x5 mi?. The boron concentration of the sample was aboufinite amount of time, then cooled down to room tempera-
10'cm 2 and the conductivity of the order of @ “1cm™t  ture, and CPD, XPS, and the yield spectrum are measured

which is sufficient to avoid any surface charging in our mea-2nd the' reconstruction of the surface is monitored by LEED.
surements. From the boron concentration and the energy &tepeating these steps and annealing the sample thus for a
the acceptor level0.36 eV} the Fermi level position in the total of 12000 sec at 1000 K the hydrogen is desorbed and
bulk is calculated to lie 0.320.01 eV above the VBM, al- the surface transforms from aXd1) surface with NEA to a
lowing for a compensation ratio of 0 to 0.2. The as-received 2% 1) reconstructed one with PEA. _ _
diamond surface had been mechanically and hydrogen The _chapge in surface structure as monitored by LEED is
plasma polished. After an anneal under UHV conditions afhown in Fig. 1. The as-hydrogenated surface shows a sharp
1400 K for 12 min to desorb surface contamination and hy{1*1) LEED patterr[Fig. 1(a)] and a weak (X 1) recon-
drogen it was treated in a hydrogen plasma at about 1100 Rtruction occurs after annealing at 1000 K for 2520 [$&g.
for 10 min to provide a controlled surface hydrogenation.1(D)]- The fully (2x1) reconstructed surface is obtained by
This process produces not only a hydrogen termination of th@ 7200-sec anneal at 1000 K as shown in Fig).1
surface but also clean and atomically flat surf#téd.The ~ Figure 2 shows the Cslcore level spectral region of
so treated diamond surface showed a sharg 1) LEED diamond(111) surfaces after hydrogen plasmatreatment and
pattern and an ordered surface structure as indicated by tr@inealed at 1000 K for 1440 and 9780 sec, respectively. The
prominence of Strong dispersion features in the ang'espectra Were f|tted by a VO|gt fUnCUOn. The fu” Wldth at-the
resolved photoemission specfr@n the surfaces used for the half maximum (FWHM) of the Lorentzian and Gaussian
isothermal annealingreferred to as surface)Ano contami- ~ components was kept constant with values of 0.3 and 0.8 eV,
nants were found by x-ray excited photoemission spectrog€spectively. In addition to the bulk Cslpeak at 284.8 eV
copy (XPS) while about 7% of a monolayer of oxygen was tWo surface components shifted BY0.8 eV (S,) and—1.03
detected on the surface used for the isochronal annealir%_V (Sc) are observed. These surface components have been
sequencésurface B. iscussed by Graupnet al=” and S, was assigned to the

The diamond samples were clamped to a Ta foil whichemission from carbon atoms bonded to more than one H
was heated by electron bombardment from the back. Thatom at the surface. After 1440 sec annealing at 1000 K, the
temperature of the diamond sample was measured by $trface componer8, disappeargsee Fig. 20)]. Upon fur-
newly developed method which is based on the Raman lingher annealing the surface compong&gtappeargFig. 2(c)],
position of diamond and yields the temperature of diamondvhich is associated with C atoms involved in théonds of
itself and not that of the sample holder with an accuracy othe (2x1) surface reconstructidii. The intensity of this
+10 K23 lower binding energy surface componey increases with
annealing time and saturates after 7200 sec.

The change in the bulk Cslbinding energy with anneal-
ing time is given by the solid squares in FigaB Between

The diamond surfaces were characterized by XPS, LEEDthe as-hydrogenated state and the start of annealing at 1000
and total photoelectron yield spectroscopy. A monochromaK the sample had already been annealed for a total of 28 min
tized Al Ka x-ray source with a photon energy of 1486.6 eV at various lower temperatures. To include the effects of this
was used to excite Cslcore level photoelectron emission. low-temperature annealing in the isothermal annealing se-
The combined resolution of light source and analyzer is 0.@juence requires placing it in advance of the second data
eV for the XPS measurements. The surface band bendingoint by an effective timey; that would cause the same
was monitored by the binding energy of the € lgvel rela- change as a single annealing step at 1000 K. Bectyse
tive to the Fermi level which has been measured with ardepends on the kinetics of the process responsible for the

B. Surface characterization



PRB 59 DEHYDROGENATION AND THE SURFACE PHASE . .. 5849

DIAMOND (111)

9780 sec

at 1000 K
)
=
5
o
[
S
2 | 1440 sec
2 | at1000 K (b)
ot ]
C
= 0.8 eV

SA

I as hydrogenated ’

@ |

289 288 287 286 285 284 283 282
Binding Energy (eV)

FIG. 2. C Is core level spectra taken on diamofid 1) surfaces
as a function of annealing time at 1000 K. Solid squares are the
experimental data and the lines are fits using Voigt functi¢as.
The as-hydrogenated surfagb) after 1440 sec{c) after 7200 sec.

2100 sec of annealing and they saturate together after 7000

FIG. 1. LEED pattern of the diamond11) surface as a func- sec when the surfa_Ct_'-J is fully ¢21) reconstru_cted.
tion of annealing time aff=1000K. (&) As hydrogenatedE The electron affinityy can be expressed in terms of the

=102eV; (b) after 2520 secE=117eV; (c) after 7200 sece  Work function ¢, the Fermi leveEg, the top of the valence

=117 eV. bandEy, and the energy gal, (5.47 eV at room tempera-
ture) as

changes in binding energy and other properties we have just

indicated upperf28 min) and lower(0 min) limits for ty by X=EvacmEc=¢+(Eg—Ey)—Ey. @

the length of the bar. The horizontal bar in the electron af-The top of the valence band is difficult to determine for
finity plot of Fig. 3(c) has the same meaning. The binding dgiamond, in particular, during dehydrogenation when the
energy increases by 0.2 eV in the first 2000 sec of annealinggm is masked by surface statBsVe therefore determined
and levels off thereafter. This binding energy change isirst the change in electron affinithy by measuring the
equivalent to an additional 0.2 eV in downward band be”dthange in work functiom\¢ and that in Ec—E,,) simulta-

ing on the diamond111) surface(compare Sec. IV neously as a function of annealing time.

As described above, the surface reconstruction is charac- The work function of diamond was measured as explained
terized by t_he _half-order spots in the LEED patterns gnd bYn sec. IIB. Changes inHg— E) are in general changes in
the lower binding energy Cslsurface componeric. Fig-  surface band bending that occur in the course of the hydro-
ure 3b) gives the ratio of the half- to first-order LEED spot gen desorption. They were measured by following the bind-
intensities(left-hand scalgand the relative intensity of the C ing energy of the C 4 core level relative t&E because the
1s surface componentSc [Is /(Is.*lpun), right-hand ¢ 15 level has a fixed energy separation from the valence-
scald as a function of annealing time. The intensities ofband maximum. The surface band bending extends over a
LEED spots were directly measured from the LEED patterndistance (~150 nm) large compared to the probe depth
and after averaging over the threex(2) domains their ra- (~2 nm) of photoemission.
tios were normalized to the saturated value. The intensities In Fig. 3(c), we have plotted the variation ipas a func-
of C 1s surface and bulk components were obtained from theion of annealing time. The data points are derived from the
least squares fits. It is safe to assume that the contribution @PD measurements and encompass the correction for
surface carbon atoms to the photoemission signal remairnshanges in band bending. The initial valuexoforresponds
constant during the transformation of the surface structuréo the nonannealed state. The electron affiyiftpcreases as
from (1X1) to (2x1). Therefore, the relative intensity of the annealing time proceeds and it saturates after about 7200
surface componerf: is a measure of the change in recon-sec annealing. The total changexris 1.65 eV.
struction coverage. The intensity of the half-order LEED The changes iy which are directly measured are con-
spots and that of the surface compon8gtirack each other verted into absolutey values by monitoring the transition
perfectly. Both start to appear not earlier than after a total ofrom NEA to PEA using yield spectroscopy. Up to an an-
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' ' i ' subjecting the hydrogenated sample to a series of isochronal
Sasel O 18 annealing steps at increasing temperature up to 1420 K. The
° sample was kept at each temperature for 10 min and after
5 C 1s, bulk component 112 3 cool down the same kinds of measurements were performed
§285.2 } as for the isothermal annealing sequence. This kind of an-
2 i—j" _E__I_....E...i-..}_-.i ..... 7 i nealing was performed because it is more closely related to
2 sgagl —I——E [} .8 the temperature ramps normally used to desorb hydrogen
@ from diamond surface®:?’
” (@) o4 The pertinent results concerning the €ldinding energy,
Q2844 . . . . g the intensity of the half-order LEED spots, the relative inten-
o 1ol ' ' oo s sity of the S¢ surface component, and the electron affinity
“L_.lj Tk are collected in Fig. 4 in a form identical to that of Fig. 3.
5 10 _0_08‘3, Because the sample is kept at each temperature for a time
g 4:‘% short compared to those of the isothermal annealing se-
= 08 loos® quence, the (X1) to (2x1) phase transition sets in at a
% 06k 2 slightly higher temperature, namely, 1050 K, and it is com-
> 0_04% pleted at 1150 K, as judged by the intensities of the half-
g 04l > order LEED spots which remain constant thereafter.
£ 0.02 g In fact at this temperature marked by the vertical line in
§ 02r € Fig. 4 the other indicators, such as surface Fermi level posi-
S ool 0002 tion (Er—Ey~0.9eV), the relative intensity of th&: com-
£ , , : , 3 ponent(~0.09, and the electron affinity ~0.4e\) also
Z osf 1 = reach values identical to those attained at the end of the
= isothermal annealing sequenc€ig. 3). However, these
quantities continue to increaseEr—E, andlg_even with
S o0o0f 1 C
2 a different slope —untiEz—E,, and y reach a new equilib-
> rium at about 1400 K.
;-;: 05 E
<
S . IV. ANALYSIS AND DISCUSSION
é A0r 1 A. The kinetics of hydrogen desorption
E— (c) The surface dipole layer set up by the partially ionic
1.5 . 1 C —H™ bond lowers the electron affinity by 1.65 eV upon
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12000

hydrogenation of the cleafil1l) surface'? Such a dipole
layer causes a potential stdfy perpendicular to the surface

over a distance of the order of the-dH bond length of 1.1
A. The reduction iny from xaxis equal to—eAV which in
turn depends on the areal densityand the magnitude of
the dipole moment of each-CH unit:

FIG. 3. (a) Binding energy of the C 4 bulk component;b)
relative intensity of the half-order LEED spotsolid squaresand
that of the C & surface componer8: (open squares(c) electron
affinity y as a function of annealing time at 1000 K. The solid line
in (b) is the fit of experimental data points to EG1) and the solid
line in (c) is the fit using Eqs(2) and(4). The cross ir(c) indicates
the transition point of the electron affinity from negative to positive.

epn
X_Xmaxz_eAV:_S_Og(n)r 2

nealing time of 2520 sec the yield spectra are characteristiWhere €o is the dielectric constant of free space. In this
for surfaces with NEA because the photoelectron yield rise§"0de! the dipole density equals the hydrogen densityn,
sharply when the photon energy reaches the band gap & the diamond surface wherg=1.81X 10%cm 2 is the
diamond at 5.47 eV which is a reliable fingerprint for areal density of C atoms on tli¢11) surface. The functiog
NEA. 1228 After 3240 sec of annealing the sudden rise of thewhich depends on takes the interaction of dipoles into ac-
photoelectron yield aE, disappears because the vacuumeount with the result' that .the contnpgﬂon of each dlpole to
level is now aboveE.. We thus place the point correspond- AV is r_educed for _hlgh. thole den5|.t|es. An expression for
ing to x=0 in the middle between the 2520 and 3240 sed(n) with thg polarlzab|I.|tya of the d|pole§ as a parameter
annealingcross in Fig. &)]. In this way y is referred to an ~ €an be obtained according to the calculation of Toppfhg:

absolute scale with an accuracy ©#f.065 eV because the

change iny amounts to 0.13 eV between 2520 and 3240 sec 14 9an®? 1 .
of annealing. g(n)= pp— )
The polarizability « for the C—H dipoles is 1.28

B. Isochronal annealing X 10" %°Asn?/V which is calculated from the refractive in-

In a second series of experiments hydrogen desorptiodex of polyethylene (1.5 using the Clausius-Mossotti
and the (X 1) to (2x 1) phase transition were achieved by relation?®
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= : ’ ‘ ’ A H § Axo=1.65eV is the electron affinity difference between the as-
T . hydrogenated and the hydrogen-free surface whjds the differ-
05} b 1=0.38eV - ence between the surface annealed at a certain temperature and the
% ) - hydrogen-free surface. The solid squares are the experimental data
= ' = experiment points. The solid and dashed lines are the calculated curves with
-*E 00F culated usi . and without taking depolarization effects into account, respectively.
% - Ej;”;;v”s'"g The dashed line corresponds simultaneously to the hydrogen cov-
] erage(right-hand scale
S 05f 4
i
7~ as hydrogenated (© By combining the expression for the surface hydrogen
A9 . . s s . coverage as given by E¢) with Eq. (2) the change\ x(t)
%00 1000 . 1100 1200 1300 1400 1500 can be calculated using andp as free parameters. The best
emperature (K) fit result shown as a solid line in Fig(@ is obtained with
- — | _ - 30 30
FIG. 4. (a) Binding energy of the C 4 bulk component(b) ~ A=5.4+0.2X10""sec andp=1.45¥ 10" "Asm
relative intensity of half-order LEED spotsolid squaresand that It should be pointed out that a satisfactory fit of the ex-

of the C 1Is surface componerfs: (open and closed circlgs(c) perimentalA y(t) values to Eq.(2) is not possible without
electron affinity y as a function of annealing temperature. The taking the depolarization into account. In the absence of de-
dashed lines are guides to the eye. The solid and open squdegs in polarization, i.e., fog(n) =1, In(Ax/Axo) is a linear function
and the closed and open circles( stem from two independent  of annealing time as shown by the dashed line in Fig. 5. The
series of experiments. The shaded bandhbhis the calculation experimental values as given by the solid squares in Fig. 5
using Eq.(13) with upper and lower limits for the parameterg ., o\ vever, deviate from the linear relationship in propor-
anda, and the solid line ir(c) is a fit using Egs(7) and(2). In (¢) tiOI,’l to the H ,covera e, i.e., with decreasing annealing time a
the arrow aty= +0.38 eV indicates the saturation value of the elec- " ge, T . 9 9 o
tron affinity for the hydrogen-free (1) reconstructed surface as _dlscrepan_cy occurs that '_S r?meqmd _When the depolarization
derived from the isothermal annealing sequence. is taken into accountsolid line in Fig. 5. For the fully
hydrogen-covered surfaggng) =0.53, that is, the effective

We assume, as is Commonly done’ that the hydrogen déilpole moment is reduced to half of its intrinsic value.
sorption is a first-order thermally activated process. Then for Turning now to the isochronal annealing we noticed in
isothermal annealing at a constant temperaiutiee fraction ~ connection with Fig. 4 that both th§; surface component
f,, of the surface covered with hydrogen is given as a funcintensity and the amount of band bending and electron affin-
tion of timet as ity increased beyond the point where the(2) reconstruc-

tion is completed. The electron affinity and the surface Fermi
fu(t)="f,(0)e AL, (4) level position saturate at about 1400 K at=0.8eV and
Er—Ey=1.42eV, respectively. The Cslsurface compo-
The rate constant nent continues to grow over the whole range of the experi-
ment with no significant saturation. For reasons to be dis-
A(T)=rpye EH/KT (5 cussed later this further phase transiton and the
accompanying change in the electronic structure of the sur-
is thermally activated with an activation ener@y; and a face are ascribed to a partial graphitization of (h&1) sur-
prefactorvy. face. This implies that the increasejrup to 0.38 eV is due
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to hydrogen desorption and the further increase caused higothermal annealing sequence and so does the LEED inten-
the graphitization and not by a further hydrogen desorptiorsity ratio for the isochronal annealing. We take the saturated
process. values to represent the fully reconstructed surface and inter-
In the isochronal annealing mode the sample is takemediate values to represent partially reconstructed surfaces
through a series of annealing stépsuch that the sample is such that the normalized relative intensity of the half-order
kept at aT; for periods of timeAt with T;>T;_;. In this  LEED spots equalég, the fraction of surface atoms partici-
case the rate equations can only be integrated for each ispating in the reconstruction. This implies that the first-order
thermal annealing step and recursion expressions follow LEED intensities do not vary substantially as one goes
which relate the hydrogen coverafg; at the end of step  through the phase transition. It requires further that recon-

to that at the end of previous annealing stgg_;: structed domains smaller than the typical coherence width of
At the incident electron beaf-100 A) constitute only a small
fri=fhi-1877%, (6)  fraction of the total reconstructed area. Both criteria appear
with A= v,e~E#/KTi. Summing over all steps frof=0 to to be fulfilled as judged by the close c_orresppndenc_e in the
some finite stefk yields development of half-order LEED spot intensities &din-

tensities because the latter constitute a local probe of the
k m-bonded atoms.
fH,szH,oexp( -> AiAt). (7) For the sake of our further analysis both intensity ratios
=1 (only LEED for temperatures above 1150 K in the isochronal
annealing are fitted to an analytical expression to be dis-
cussed later. The fit is shown by the solid lines in Fifp)3
and the hatched band in Fig(b.

So far we have considered surface atoms bonded to H and
those involved in ther-bonded chain reconstruction. In gen-
eral, there will also be a fraction of atoms during the anneal-
ing process that fall in neither of these two categories but
have instead a dangling bond. The role of dangling bonds in

e surface phase transitions of diamond has not been con-
sidered in earlier studies. The main reason might be that
none of the commonly employed surface probes can detect
dangling bonds. In this study a sizable concentration of dan-
dinng bonds is required in an intermediate temperature or
annealing time regime where the fractifijpof surface atoms
onded to hydrogen and the fractibg of atoms involved in

he (2X 1) reconstruction do not add up to unity as shown in
Eig. 6. In Fig. 6f is obtained from the fit results in Figs.
3(b) and 4b), andf from those of Figs. ) and 4c). The
cross hatching indicates the upper and lower limits in the
hydrogen coverage due to the uncertainty of the first data
point in Fig. 3c) (shown by the barand an upper limit for
the contribution of C-K (x=2) units to y. The dangling
bond coveragd, finally, follows from the area conserva-
tion:

We have therefore fitted the measured changg ifor
temperatures below 1200 K using EJ) with the further
proviso that the hydrogen-induced changeyitevels off at
+0.38 eV in the limit of high temperatures. The best fit
result shown by the solid line in Fig(@) is obtained with a
prefactorv,=1X 10°sec ! and an activation energy for hy-
drogen desorption oE,=1.25eV. Naturally, these param-
eters for the hydrogen desorption process yield at 1000 K th
rate constan® as it was derived from the analysis of the
isothermal annealing process.

The activation energ¥y for H desorption agrees with
that obtained by Schulberg, Kubiak, and Stdfdsut is much
lower than the 3.2 eV given by Thomas, Rudder, an
Markunag’ or the 3.5 eV by Yangt al® Nishimori et al3!
measured the desorption yield of H ions from a diamon
(100 surface as a function of temperature and obtained a
activation energy of 0.8 eV. Most of the high values Ey
are obtained by fitting experimental data using a fixgdof
about 18%sec’. However, ifEy and vy, are both kept as
free parameters, low values &, and vy are obtained.
Schulberg, Kubiak, and Stuléfi,for example, derivedE,
=3.2eV by fixing vy=10"sec! and E4,=1.6eV on the
basis of the same data set when they consideteas a free
parameter. If we were to fix, at 103sec? the experimen-
tal data could not be fitted. Part of these discrepancid€s,in
are likely to result from inaccurate temperature measure-

ments. As can be seen from Ed4) and (7) the hydrogen
a8) 0 yerog The crucial feature in Fig. (@) is that the hydrogen cov-

coveragef(T) depends ol in a double exponential fash-
ion. This critical dependence requires a very accurate tenf'29€ nas dropped to about 30% of a monolayer before the

perature measurement, indeed, if one is to calcuiatérom recor)tstrgcnon star;[s. This requires ':hat tpe bdar:gygg bc;nd
a hydrogen desorption experiment. The Raman line positiof€NSIty increases to a maximum value of abou oora

used here provides this accurate temperature and thus a refionolayer before it drops again as theq2) reconstruction
able value forE,,. consumes more and more of themsrbonded chains. The

same analysis applied to the varied temperature annealing in

Fig. 6(b) gives a picture for the contributions 6f, fp, and

fr as a function of temperature that agrees quantitatively
The diamond(111) surface converts from an unrecon- with that of Fig. §a). The hydrogen coverage has to drop to

structed (X 1) unit mesh to a (X1) reconstruction upon almost 30% of a monolayer before the reconstruction starts

annealing. We have quantified this phase transition in Figsand the maximum dangling bond coverage is consequently

3(b) and 4b) by measuring the intensity of the half-order also about 70%.

LEED spots relative to that of the full-order ones and by the Given this result, we describe the surface transformation

relative intensity of the C 4 surface componerfs that is  during annealing as a two-step process. First-HC bonds

due tom-bonded surface atoms. Both ratios saturate for theonvert into dangling bonds with a rate corresponding to Eq.

fH+fD+fR:1' (8)

B. The kinetics of reconstruction
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' ' ' 7 (10) with Eq. (4) and the area conservation condition Eg).
100 - DIAMOND (111) . yields for the isothermal annealing experiment
% sol 1 fr(t)=1— (1+Be*A(T)to)e*B(T)(t*to)_FBe*A(T)t (11)
_8- for the fraction of surface atoms that participate in the recon-
(] L . H —
s 60 ~— reconstruction struction. Th_e parameteB equals ,8—_B(T)fH(0)/[A(T)
© —B(T)] provided the two transformation ratésandB are
B 40l N danaling bonds not equal. Equation(11) involves first the transformation
o | i Y ging from H-terminated to dangling bond atortrate constanf)
.g ol DN C-H bonds 4 and then the recon_struction of the lattesite constanB).
8 : AN (a) The parametet; in Eq.(11) takes the dependenceleion
E ol Sraaas | fy into account. The transformation ratég/dt vanishes for
| NEA-— |— PEA t<tg an_d jumps tode/dt= B(T)fp for t>t;. 'I_'husto ac-
L M counts in the most simple form for the experimental obser-

-3000 0 3090 6000 9000 12000 vation that a reconstruction takes place only aftgrhas
Anneal Time at 1000 K (sec) dropped below the critical valul, .;; of about 0.3 and, is
thus given by

IN(F iy cri
DIAMOND (111) ty=— (Fhcrt)

A(T)

A recursion formula forfz ; in the case of isochronal anneal-
ing steps follows from the same ansatz:

100 |- (12

80  dangling bonds

reconstruction
6oL .-
C-H bonds

_ BiO®(ficrit— fri-1)
fri=1—|1+ ' , f
R,i Ai_Bi®(fH,crit_nyi71) Hi—1 R,i—1

40
X @ Bi®(f cric— fr,i- 1At

Bi®O(fyii— i
" iO(F et fri-1) Fiyi e AL (13
Ai—BiO(fycric—fui-1)

with A;, B;, andAt having the obvious meanin§ again

20

Percentage of a Monolayer

900 1000 1100 1200 1300 sets the rate of reconstruction equal to zero as long as the
Temperature (K) hydrogen concentration has not dropped below the critical
value fy qit.

FIG. 6. Evolution of hydrogen, dangling bond, and reconstruc- Expression(11) is used to fit the data of Fig.(B) and an
tion coverage as a function of annealing tif@ and annealing excellent fit is obtained witB(1000 K)= 3.4x 10 4sect

temperatureb). The hatched area ifa) represents uncertainties in to=2100 sec corresponding g .= 0.32, and the param-
Jcri . ’

hydrogen and dangling bond coverages. The solid line for the "€ter for A as obtained from the H desorption ddsze Sec.

construction m(b)_ corresponds to the smoothed average of theIVA). The reconstruction coverade as a function of tem-
shaded band in Fig.(4) . ; & .
e perature in the course of the isochronal annealing sequence
(9. In @ second siep atoms wih danging bonds wansiom % EAEIAES LG EU3 The fesue e aver oY e
into surface atoms that participate in the reconstruction. Th%1 | F1g. 4. 7 g ;
rate of reconstruction may thus be written as e recpnstructlon raté jumps to _flnlte value at 10_30 K, i.e.,
at a point wherd = f, . according to the analysis of the
dfg values in terms of hydrogen coverage as explained above.
rTEn F(fp.fu,T). 9 The shaded band covers couplgsanda between(3 sec?,
0.8 eV) and (1. 10%sec’?, 1.5 eV} such that the conver-

The transformation rate is obviously a function not only of Sion rate constanB(1000K)=3.4x10 “sec* as derived

fp but also off 4 because reconstruction sets in only aftgr ~ from the isothermal annealing experiment. .
has dropped below-30%. The rate functiof is also ther- The other study of this phase transition we are aware of is
mally activated as judged by the temperature dependence #1at of Graupneet al,”® who used the relative intensity of

the (2x 1) reconstruction and we thus start with the simplesthe Sc surface component as a measurerdfonded C atoms
possible ansatz for the reconstruction rate: that are participating in the reconstruction. They obtained

values ofvg anda of 7.5x10%sec’* and 3.4-0.4eV, re-
R spectively, which are considerably larger than those derived
Gt~ BO(fhen— o, (10 here. They did not, however, distinguish between the surface
reconstruction and hydrogen desorption and thus ascribed a
with B=vge” ¥T and the Heaviside functiof takes into  single activation energy to both processes.
account that the hydrogen coverage has to drop below a criti- In both annealing sequences the reconstruction is com-
cal valuef . before reconstruction sets in. Combining Eqg. pleted at 1000 Kisothermal annealingor 1150 K(isochro-

al
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nal) which is almost 300 K lower than the temperature Diamond (111) 1x1:H

quoted in the literaturé 323 Aside from the rather long

annealing time required during isothermal annealing this dif- CBM E

ference is in our opinion mainly due to the more accurate I \_‘

temperature measurement employed here. E =547 eV L — Evac
Clearly, the reconstruction involves the concerted move- £

ment of more than one atom and therefore first-order kinetics ___l;___} ________ Er

to describe this process is bound to be wrong. Despite the  vem 0.32 eV

good description of both annealing sequences by Eifs. T By

and (13) we are therefore reluctant to identify with the
activation energy necessary to convert a surface atom with a

dangling bond into a member of the-bonded chains that Diamond (111) 2x1 (annealed at 1000 K)
constitute the (X1) reconstruction. The introduction of a cam Evac
critical hydrogen concentration in ELO) remedies to some b t
extent the gross oversimplification of assuming first-order Ec
kinetics for the (IX1) to (2X 1) reconstruction because it
ensures that th€l1l) surface does not start to reconstruct

before a critical concentration of dangling bonigs.; has ~ --====-=---------- A Er
been created. The value &f .i=1—fy i as obtained in VEM
the fit in conjunction with the hydrogen desorption kinetics Ev

from Eq. (12) is fp o= 0.68. Hamza, Kubiak, and Stufén

also reported a hydrogen coverage bele®0% as a neces-

sary condition for the commencement of reconstruction on Diamond (111) 2x1 (annealed at 1400 K)
the diamond111) surface.

The m-bonded chain as a structural model for the CBM y lﬁl Surface DOS
(2X 1) reconstruction requires a substantial rebonding of ' Ec
surface atoms with the main result that atoms that used to be Fia
next nearest neighbors are nearest neighbors after reconstruc-
tion. Clearly, this concerted movement of more than one - ______ Y Er @Ei;r‘f‘ed!
atom requires the observed 68% of dangling bonds before VBM \
the reconstruction sets in and leads thus to the delay of sur- ! n
face reconstruction compared with hydrogen desorption. Ev

C. Surface band diagrams FIG. 7. Band diagram gf-type IIb single crystal diamond at the

Based on the previous discussion of our results we Caﬁlll} surface. Upper panel: hydrogen-saturated unreconstructed
P iamond (111) surface with negative electron affinity. Middle

I(_dentlfy three distinct phases of the d""_‘moml) surface: panel: hydrogen-free (21) reconstructed diamond11) surface
(i) the"unreconstructed hydrogen-termmatedf(l]):H SUr- with positive electron affinityHT-I phas¢. The surface was iso-
face; (i) the (2x1) reconstructed phase obtained after pro-yermally annealed at 1000 K for 9000 sec. Lower panel: hydrogen-
longed annealing at 1000 Kealled HT-I for further refer-  fee (21) reconstructed diamon@11) surface with positive elec-
ence; and (i) the (2x<1) phase reached after 1400 K of ton affinity after the surface was annealed at 1400 K for 600 sec
annealingHT-I1). Surface band diagrams for these three sur(HT-Il phase. A schematic band diagram for the surface Fermi
faces have been constructed as shown in Fig. 7. level pinning by graphitization is drawn next to the band diagram of
Changes in band bending were directly measured with athe HT-Il phase. The semimetallic density of statB©S) of the
accuracy oft0.06 eV through the binding energy of the C graphitic patches consisting of overlappingand 7* states is in-
1s bulk component as described above. For the HT-I surfacdicated.
the absolute value dE —E,, at the surface indicated by the
right-hand side ordinate of Fig(@ was obtained via Eq1)  tron affinity of —1.27 eV and a downward band bending of
using the saturation value of the work functign=4.97eV  0.36 eV which results in a hole depletion layer.
and the electron affinity =0.38 eV. This procedure is more  After hydrogen desorption the §21) reconstructed sur-
reliable than estimating the valence-band maxintEyrfrom  face phase HT-I is characterized by a small positive electron
UP spectra as it is commonly dofe?> OnceEx—Ey has affinity (y=+0.38eV) and a downward band bending of
been determined all other surface positionsEef with re-  0.56 eV at the surfacéFig. 7, middle pangl On account of
spect toEy follow with an accuracy of+0.06 eV from the large band bending and the small positive electron affin-
changes of the binding energy of the € domponent. As a ity this surface exhibits so-callegffectiveNEA. This means
side product of this analysis we obtain the binding energy othat the bulk CBM lies 0.18 eV above the vacuum level.
the C 1s bulk component relative toE, as 284.13 However, thiseffectiveNEA is not expected to lead to a
+0.08eV. significantly enhanced electron emission because conduction
The result of the foregoing analysis may be summarizeelectrons are unlikely to cross the rather wide depletion layer
for the B-doped type-llb diamon@.11) surfaces as follows. (150 nm) by ballistic transport. Our experimental values for
The hydrogen-terminated ¢1) surface has a negative elec- y for the NEA and PEA surface are reasonably well repro-



PRB 59 DEHYDROGENATION AND THE SURFACE PHASE . .. 5855

duced by pertinent calculations of Rutter and Robertson V. SUMMARY
who obtain—2.0 and+0.35 eV for the two(111) surfaces, . - _
respectively. A change in electron affinityy from —1.27 eV for the

hydrogen-covered(111) surface to +0.38 eV for the

hydrogen-free (X 1) reconstructed surface has been mea-

larger downward band bending that now reaches a value Osfured. The variation iny with temperature could b? ac-
counted for quantitatively by considering the potential step

1.1 ev. Also this surface still exhibits effective NEA. associated with the dipole layer set up by the partially ionic
As discussed earlier, for the isochronal annealing se: b Y P Dy P y

Lt . L
quence the relative intensity of the surface comporgt C™—H™ bonds at the surface provided the depolarization of

continues to increase further above 1150 K, i.e., after théheB(ij;ggéesr:Stthzgfrrg;?gﬁgért]\}\?ea;%%utnhté hvdrooen cov-
surface reconstruction from 1) to (2X1) is completed * yarog

as judged by the intensity of the half-order LEED SIOO,[Serage a clear distinction between hydrogen desorption and

(compare Fig. # This further increase i8¢ at high tempera- reconstruction has been established. Hydrogen desorption is

ture was earlier ascribed to a gradual graphitization of the. ell described by a first-order process with an activation
9 grap energy of 1.25 0.2 eV and a prefactor of 5:410 *sec .

surface?” It was argued that the graphitization takes IOIaCe‘l’he onset of reconstruction is obviously topologically con-
locally and involves the successive delamination of patches y topologically

of m-bonded graphitic layers leaving #21) reconstructed Strained and requires a critical concentration of atoms with
) graphitic fayers 9 . : ) dangling bonds. Once this condition is incorporated into the
areas in between. This explains why the intensitySgfin-

L rate equations the phase transition from a hydrogen-free un-
creases beyond th"."t characteristic_for t_he><(_la recon reconstructed to a (1) reconstructed surface is also well
structed surface while the LEED pattern is still that of the ; . . o

; : described by a first-order process with a critical concentra-
(2% 1) surface. In fact, a growing background of incoher-

ently scattered intensity in the diffraction patternTasises tion 2‘; da{‘ﬁ"”g bonde,?‘m 068 a prefact”orvE 4
. . ' 1 sec;, and an ‘“activation energy’ a=1.2
above 1150 K must be ascribed to the fraction of disordere o
i +0.4eV. We concede that the last two quantities are at
graphitic surface area that grows at the expense of the or-

dered, (2x1) reconstructed one. A partial graphitization is present mered parazjneters tfhe;}t are used o fit t\r)\? rt1|me fand
sufficient to account for the new pinning position Bf at temperature dependence of the reconstruction. Without fur-

1.42 eV aboveE, for T~ 1400 K (compare Fig. ¥ ther evidence the parametershould therefore not be taken

There is general agreement in the literature that the h as the activation energy that is required to transform a dan-

gling bond into a member of a-bonded chain.
gre%%?r?atsd%tll)esélig?ncgngatlﬁa’t\li ':\ng?r?toaPOIIEOAWEW(?r:drebc ?)TE For the hydrogen-free (1) surface we identified two
ng orp-typ ) PEA UP distinct phases that are stable over certain temperature ranges
struction while the downward band bending increases. How;

ever, there is considerable scatter in the values given for thg;:t differ in their band energies at the surface without
initial surface Fermi level positiofD.4 to 1.0 eV abové&,) anges in reconstruction. The “low-temperature” phase is

as well as its final positioi.0 to 1.6 eV.21 Considering reached after isothermal annealing at 1000 K. It has the

our new results the latter is most likely due to the fact that nqé,i\fgrrg rgz:gogggdehlﬂ'e;ct;(t)r:haefﬂ;\%;i ;2];383 gg/ :Cd iaedoE/)v 2 eV

distinction was made between the two electronically differ- :
ent reconstructed surface phases. This might also be the relarger than the hydrogenatedX1l) surface. Taking the sur

son for the electron affinity oft0.5 eV quoted by Bandis fice to 1400 K results in the high-temperature<(E) phase

b lae o TOr which both electron affinity x=+0.8eV) and down-
and Pa_téO for the reconstructel11) surface which lies in ward band bending1.1 eV) have further increased. The
termediate between our surface HT¥=+0.38eV) and X o

— analysis of the C & core level spectra indicates that the
HT-Il (x=+0.8eV) values. . . : . N
> . high-temperature phase is associated with an incipient
A surface charge densityn units of elementary charge raphitization of the diamon€lL11) surface
of +2.7x 10t cm 2 is needed in the Schottky approximation 9'2P '
to account for the observed band bending on our samples
with a B concentration of 6cm™3. This surface charge is
easily accommodated by a slight reduction in the occupation
of the normally filled = states of the graphitic surface  The authors thank M. Stammler and K. Janischowsky for
patches. In fact, we expect that for a sufficiently high coverthe plasma preparation of the diamond surfaces and R.
age with graphitic patchesg will effectively be pinned at or  Graupner for helpful discussions. This work was supported
around the position measured here as indicated in the lowdsy the Deutsche Forschungsgemeinschaft under Contract No.
panel of Fig. 7. This scenario is supported by the observatioDFG Le 634/5-3 and carried out under the auspices of the
thatE,,.— Er=4.85¢eV on the HT-II surface is very close to trinational “D-A-CH” cooperation of Germany, Austria,

The second stable high-temperatidl) surface phase
HT-1l has a larger electron affinity\(= + 0.8 eV) and also a
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