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Chemistry and kinetics of the interaction of hydrogen atoms with(100) InP surfaces:
An in situ real-time ellipsometric study
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The interaction of InP surfaces with H atoms is investigated in the afterglow regiop cddib-frequency
(rf) plasmas byn situ real-time spectroscopic ellipsomet$E). The effect of the InP surface temperature and
the hydrogen plasma exposure time on the native-oxide reduction and phosphorus-depletion processes is
studied. The morphology and composition of the InP surface resulting from these two competing processes is
well characterized by spectroscopic ellipsometry. Typically complete removal of oxygen is obtained at 230 °C
after 7 minutes of plasma exposure without damage due to phosphorus depletion. The applicability of real-time
ellipsometry to determine precisely the optimum cleaning end point is well demonstrated. The chemistry and
kinetics of both oxygen removal and phosphorus depletion are described and the corresponding pseudoactiva-
tion energies are derivefiS0163-182(06)08947-3

[. INTRODUCTION The experimental conditions separating the two reaction
types, i.e., the “reaction boundary” between O removal and
Presently, there is a great interest in developing new tecH? depletion, have not yet been defined. Thusjtu diagnos-
niques for the native-oxide removal and the cleaning prodics and real-time control of the oxide-reduction process and
cesses of IlI-V semiconductor surfaces. This research isfthe effects induced by H atoms on the InP morphology are
driven by both the limitations of conventional wet-etching needed. Unfortunately, many of the usual surface techniques
proceduresand the desire to develop dry methods compat{RHEED, RBS, SEM, TEM, XPS, efcare destructive or are
ible with a vacuum environment during device manufactur-not ambient gas compatible or are both and, hence, cannot
ing. operate during processing. On the contrary, “new” optical
In situ hydrogen plasma cleaning seems to be attractivediagnostics such as spectroscopic ellipsoméss), attenu-
since atomic hydrogen generated by a plasma can efficientlgted  total reflection Fourier transform infrared
reduce carbon contaminations and native oxfdegving  spectroscopy (ATRFTIR) and photoluminescend®L)™*’
good-quality 11l-V surfaces for epitaxial growth. Moreover, are nondestructive and noninvasive techniques which offer
the hydrogen plasma treatment offers the advantage of a gireat promise for thén situ real-time monitoring of a wide
multaneous passivation of I11-V surfaéé,i.e., blocking the variety of processes such as growth, oxidation, surface clean-
electrical activity of dangling bonds, impurities, and nonra-ing, etching, and also for the simultaneous optical, micro-
diative electron traps, yielding an increase of the photolumistructural, and compositional characterization of the pro-
nescencéPL) efficiency®® cessed material with a monolayer sensitivity. However, a PL
However, dealing particularly with the InP material, it is detection system cannot operate at sample temperatures
well documented that H atoms can induce decomposition ofiigher than room temperature. This obstacle can be over-
InP substraté,depending on H-atom do&&'’ plasma expo- come by usingn situ real-time spectroscopic ellipsometry
sure timet'~*®and surface temperatuté. which can operate at sample temperatures much higher than
This difficulty in getting good InP surfaces can be due toroom temperature. Therefore, the description of the tempera-
the fact that the interaction of hydrogen atoms with the InPture effect on the surface chemistry during the hydrogen
surface may either lead to oxygen removal for the reductioplasma cleaning of InP surface is the main objective of the

of native oxide present study. Spectroscopic ellipsometry and single-
wavelength ellipsometr¢gSWE) are widely utilized for then
INPQ,+ 2XH— InP+xH,0 (1) situ real-time layer-by-layer characterization of the growth
) ) ) and processing of multilayers structures usi(igBE),
or to phosphorus depletion via the production of;PH (MOCVD) and plasma-assisted systelfi2°As an example,

in situ SE has allowed, on one hand, the study of the kinetics

InP+3H—In+PH, 2) of the O-removal in the system Si/SiORefs. 21 and 22
which causes formation of metallic indium. and of the InP surface oxidati&t? and, on the other hand,
In addition, H atoms act on the material by passivatingthe evaluation of the quality of the resulting surface.
various kinds of defectsd) through the very fast process In this paper, we report on the use of spectroscopic phase-
modulated ellipsometry to investigaite situ the interaction
InP(d) + H—InP(H), (3y  of atomic hydrogen, present in the remote zone gfatlio-

frequency(rf) plasmas, with(100 InP surfaces covered by
which imparts a reduced surface and bulk density of statemative oxide. The influence of surface temperature and of
and, hence, improved optoelectronic properties. H-atom exposure time on the kinetics of both the oxide re-
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moval and phosphorus depletion and also on the InP surfacnd the electronic calibration have been performed according

morphology are investigated and discussed. The efficiency db the procedure described in detail in Ref. 28. The accuracy

rf hydrogen remote plasmas as iansitu cleaning technique of the present alignment and calibration and of SE measure-

in producing high-quality reproducible and clean InP sur-ments has been tested by recording SE spectra of Si/SiO

faces for epitaxial growth is demonstrated. Moreover, an opstandard sample, and can also be deduced by the comparison

timum surface temperature range is found where P depletioaf the c-InP databaséorovided by Aspnéswith our best InP

can be minimized and high cleanliness without surface damspectrum(see Fig. 2

age can be achieved. The end-point detection of the cleaning Briefly, spectroscopic ellipsometry measures the energy

process is well shown bin situ real-time ellipsometry. dependence of the ratip, between the complex reflectance
coefficients of the two components of the polarized light,

andr ¢, respectively, parallel and perpendicular to the plane
Il. EXPERIMENT s P Y, P perp p

of incidence:
A. Architecture of the remote plasma reactor.
InP treatment experiments r i
P p=—L=tarWe'?, (4
The cleaning experiments were performed in a homemade s

remote-plasma MOCVDRP-MOCVD) apparatus specifi- \yherew is the amplitude ratigtan® =|r ,|/|r /), andA is the
cally designed for the MOCVD epigrowth of 11l-V materials phase differencéA=8,— &) between thep and's compo-
and previously described in detail in Ref. 25. Basically, ithents. The pseudodielectric functiote), can be derived

consists of a quartz plasma tube, where the plasma was igom the p parameter through the equation
nited between two semicircular external electrodes, and a

stainless steel MOCVD reactor, where the InP sample was _ _ (1—p)?

positioned on a molybdenum susceptor, 10 cm away from  (€)=(e1)+i{€z)= €oSiPo| L+tarf g a+p2| )

the plasma tube end in order to minimize radiative damage p

by ion bombardment. A load lock chamber was used to inwheree, is the ambient dielectric function ang}, is the light

troduce samples in the MOCVD reactor to avoid exposure tancidence anglé€71.8° in our experiments The analysis of

air contamination. All the apparatus was evacuated by turbathe SE spectra is based on the Bruggemann effective medium

molecular pumps to a base vacuum of 4 @orr. approximation(BEMA),*® which allows the description of
The hydrogen plasma was operated at 13.56 MHz withthe dielectric functione, of a composite material through the

the input rf power of 60 W, the Hgas flow rate of 800 sccm, dielectric function,e, and volume fractionf;, of its ith

and the pressure of 1 torr. components, by the formula
Under the above plasma conditions, the H-atom density in
the afterglow region was estimated to [#¢]=10"° cm > at €—€
the substrate position, corresponding to a H-atom flux of EI fi mzo- (6)

4x10%° atoms/crf sec impinging on th€100) Sl (Fe-doped
InP surfac&® The hydrogen exposure time varied from 1 Also, the calculategh,, value, using the above BEMA ap-
min to 5 h. proximation, is compared with experimental datg,,
The effect of surface temperature on the oxygen-removathrough the following unbiased estimator:
and phosphorus-depletion processes was investigated by
varying the substrate temperature from 25 to 350 °C, while , 1 2
for the thermal annealing experiments the temperature in- g N 2 (Pi,exp™ Picald” @
creased to 640 °C. The substrate was radiatively heated and
its temperature was measuredwat K thermocouple fixed to  WhereN is the number of experimental points. The minimiz-
the sample holder and checked by an optical pyrometer. ing procedure gives the best fit of the experimental spectra.
To compare the efficiency of the present dry-cleaning pro- In the present experiments, the SE modeling was per-
cedure with the more common wet-etching methods, soméormed by including dielectric functions of tkeelnP, the InP
InP substrates were at first washed with isopropanol an#iative oxide, the metallic indium, and voids. In particular,
rinsed in DI water and afterwards etched in afor the dielectric function ofc-InP and the voids database
H,S0,:H,0,:H,0 (8:1:1) solution for 2 min at room tem- provided by Aspnes was used. As for the metallic indium,
perature. 1-um thick film was deposited on quartz substrate by indium
evaporation and the corresponding dielectric function was
measured.
The single Lorentzian oscillator expressibmas used to
In situ spectroscopic ellipsometry in the near-ultraviolet describe the dielectric response of the InP native oxide:
(UV)-visible range(1.5-5.5 eV is a powerful technique to

B. In situ ellipsometry: Measurements and data analysis

study surface modifications because of its high sensitivity to B (€0~ Goc)wg
surface morphology and to layer thickness and composition clw)=et ws— 0’ +iTo' ©

through the spectral dependence of the dielectric response.

The phase-modulated spectroscopic  ellipsometewheree, is the high-frequency dielectric constaeg, is the
(UVISEL by ISA-Jobin Yvon?~?° is assembled on the static dielectric constanfthe value of dielectric constant
MOCVD chamber through conflat strain-free quartz win-when the frequencw approaches zejpw, is the resonance
dows flanges. The alignment of the SE optical componentfrequency, and” is the damping constant. By interpolating
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FIG. 1. Energy dependence Bt25 °C of (a) the real,e;, and o T i
imaginary,e,, parts of the dielectric function and @) the refrac-
tive indexn and the extinction coefficiemt of the InP native oxide, FIG. 2. Top:(ey) spectra recorded at room temperature (f@r
as obtained by the single Lorentzian oscillator expres@en text InP substrate exposed to H atoms for 7 mirilrat230 °C, (b) InP

substrate exposed to H atomsTat 350 °C for 2 min,(c) InP sub-
the (€) spectrum of ac-InP substrate covered with a 25-A strate exposed to H atoms at room temperature for 20 min(dind
native-oxide layer, the following oscillator parameters werelnP substrate covered with 25 A of native oxide. Tginterband

derived: critical point at 4.7 eV photon energy is also shown. The reference

c-InP spectrum is also showsolid line). Bottom: best fit BEMA
€,=1, models corresponding to the spectra.

€9=2.5943, (d)] and ofc-InP database are also shown. The main features
of the spectra are the two characteristic InP intertapend
wo=12.1054 cm?, E, peaks at the photon energies of 3.1 and 4.7%% re-

spectively. The fact that they are well shaped indicates that,

'=2.4194 cm?i. under the above plasma conditions, the possible strong amor-

phization and metallizatiofi.e., indium enrichmentcan be
The obtained wavelength-dependent dielectric response @filed out. The analysis of these spectra in terms of the best-
the InP native oxide is shown in Fig.(d. The real and fit BEMA models is shown in the bottom of Fig. 2. Obvi-
imaginary parts of the refractive index calculated from theously, among the different models which have been tested
above spectra are reported in Figbjl Slight differences in  for each case, those giving the lowesvalues are also in
the optical properties of the InP native oxide from previousreasonable accord with composition and morphology data
reported dat¥ are most likely due to differences in compo- derived by XPS and AFM measurements. In particular, at
sition and density, since it has been noted that oxides preqoom temperature and after a hydrogen exposure of 20 min
pared with different techniques tend to have different dielec{modelc), the simplest model giving the loweétvalue still
tric responses. includes an 18-A layer of native oxide, whose presence has
also been confirmed by XPS analysis. This oxide layer does
Ill. RESULTS AND DISCUSSION not further reduce with longer hydrogen exposure time and
with increasing the temperature up to 150 °C. On the con-
trary, atT=230 °C, a complete removal of the oxide layer is
In order to investigate the oxide reduction kinetics, theachieved, by exposing the InP substrate to the H-atoms flux
hydrogen plasma treatment of InP samples was performed &ir 7 min. In this case, a single-layer modehodel a) in-
various times and temperatures, under the same plasma cariuding a rough layer of 25 A, represented by a mixture of
ditions. Figure 2 shows typicdk,) spectra recorded at room 85%c-InP and of 15% voids, gives the lowe8value. Sub-
temperature after H atoms treatmenfa&t230 °C for 7 min,  stantive justification exists for this model based on both the
(b) 350 °C for 2.5 min,(c) 25 °C for 20 min. In the same XPS analysis which did not detect oxygen and the AFM
figure, the(e,) spectra of untreated InP substr@gpectrum  image(shown in Fig. 3 which gives an estimated roughness

A. Oxygen removal: the cleaning process



17178 G. BRUNO, P. CAPEZZUTO, AND M. LOSURDO 54

T=350°C
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(b)
; FIG. 4. (e, value at theE, peak vs rf hydrogen plasma expo-
sure time at different InP surface temperatures. In all the experi-
ments the H-atom flux impinging on the InP substrate was
~4x107° atoms/cn sec.

ent temperatures. In particular, at 25 °C and 150 °C, a pla-
teau of a lowere,(E,)) value is reached after 15 min and
after 5 min, respectively, of exposure to hydrogen plasma,
thus indicating an incomplete oxide removal. By contrast, at
350 °C, the(ey(E,)) value increases at first, and reaches a
maximum after 1.5 min; with longer exposure of the surface,
the trend reverses and tiig, peak starts to decrease since
_ _ _ ) surface damage, mainly phosphorus depletion, occurs.

FIG. 3. Top view atomic force microscopAFM) images of In order to avoid creation of phosphorus vacancies and,
InP surfaces exposed to hydrogen plasf@sat T=230°C for 7 pence indium enrichment of the InP surface, many
min and(b) at room temperature for 170 min. author§=® dealing with hydrogen-InP interaction have pro-

_ . . ..posed the use of plasmas fed by fAHstead of H. There-
of ~30 A. This roughness value is in reasonable accord wit ore, the effect of PHladdition to the hydrogen plasma dur-

the 25-A layer measured by SE. : . e
For the treatment at 350 °C, the XPS analysis has evird the cleaning of InP samples at=230°C has been

R investigated. Figure 5 shows the time dependence ofehe
denced the presence of metallic indium in the b3 peak. . ~ R .
Thus, for the best fit of the spectrufh), both voids and \éilufsj:e‘lg ?&EI% gezﬁn% %2“,[% n Eag _Zligmgsdgg:t%igi]ﬁ
indium enrichment must be included in a single-layer or P 2 P g

multilayer model. The lowest value has been obtained for a g'gs/regz I;'} amounts. Abt a P§| pﬁ.rcﬁgtage hlg?ert tha?]
two-layer model including a density deficient inner layer of = 0, ey decrease IS observed which becomes faster when
150 A, simulated by a mixture of 95%-InP and 5% voids,

and a porous and indium-rictr0% c-InP, 25% voids, 5%
indium) topmost layer 20 A in thickness. In this case, the
kinetics of the damage process is as fast as the oxygen re-
moval, so that the two processes of E¢¥). and (2) are
almost concomitant, and surface damage is induced even at 18
short plasma exposure time.

The real-time monitoring of the surface modifications has
been done by performing ellipsometric measurements at
fixed energy of 4.7 eME, peak. At this energy, the(e,) 17
value is sensitive to surface modifications as can be seen in

19

50ppm

<€,(Ep)>

PH3 /H2 =0.2%

Fig. 2. Figure 4 shows the time evolution @(E,)) during }TA =
hydrogen exposure of InP substrates, at temperatures in the Ep fasma ON 1
range 25-350 °C. For each curve, the initial point corre- 16 b
sponds to @-InP substrate covered with a 25 A-thick native- 0 5 10 15 20

oxide layer. Obviously, the higher the temperature the lower Time (min)

the initial (&,(E,)) value, since it is well document&tfSthat

a temperature increase induces both a decrease and a shift toFiG. 5. Time evolution of thde,) value at 4.6 eV during the
low energy of thge,) spectrum. The highest,(E,)) profile  exposure, al =230 °C, of the InP surface to RHH, plasmas with
obtained for the 230 °C treatment is indicative of an oxide-different PH/H, ratio: PH/H,=0.2% (curve AB), PHy/H,=1%
removal process more effective than that observed at differccurve BC), and PH/H,=50 ppm(curve CD).
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FIG. 6. () time dependence at the photon energy of 4.6 eV FIG. 7. Time dependence of tie,) value at theE, peak(4.7
during the hydrogen exposure at the surface temperature of 230 °@V) during the hydrogen exposure at room temperature of InP sur-
of InP substrateqa) without and (b) with wet precleaning by faces cleaned bfg) hydrogen plasma for 7 min &t=230 °C(solid
H,0:H,S0,:H,0,=1:8:1 solution. line) and by (b) oxide thermal desorption ak=640 °C (dashed

line).
the PH/H, ratio is increased. This observation indicates that
phosphorus deposition occurs on the InP substratee oo ¢ thee,(E,)) value is consistent with the formation

presence of the deposited phosphorus subtracts H atom? e : . : :
from the cleaning procesd), because of the concomitant of a rough and indium-rich overlayer of increasing porosity

existence of the equilibrium: and/or thickness, which is faster in samgl®. Thus, the
' extent of damage depends on the sample history. This result

P+xH=PH, (x=1-3), 9) can be related to the presence of a more disordered
. ) phosphorus-phase, induced by the high annealing tempera-
producing PH species on the surface. ture, containing weak In-P bonds or P-interstitial atoms

The (e, value increases when the Plmount in the which are more reactive toward H atoms.
plasma is about 50 ppm. Under this last condition, the H g o /a1yation of the InP surface modifications caused by

atoms predqmlnate over the Phadicals a_1r_1d, henpe, the the prolonged exposure to H atoms has been done through
oxide-reduction process exceeds P deposition. This observ%eﬁ ) spectra recorded at the selected treatment time of 45
tion suggests that the BHamount added to Hplasmas to 2 SP '

stabilize the InP surface has to be appropriately controlled‘zo’ and 170 rr]nln dyrlgg t%e (Iexpehrlme(lat) |Of Fflgr.] /. These q
otherwise it could inhibit the oxygen removal process. pectra are shown in Fig. 8 plus the results of the correspond-

Another trick for optimizing the 11-V surface cleaning M9 BEMA modeling. The three-layer model, in which in-

process is to perform a wet-etching prior to exposing thedlum percentage, roughness, and thickness of the layers in-

-V surface to H atoms:!° Therefore, a wet-etched Inp C'€3s€ with exposure time, provides the best fit of (i3

sample has been exposed to hydrogen plasma at the optimLﬁ'HeCtra' The choice of this model is also supported by XPS

temperature of 230 °C. Figure 6 shows the comparison of th ndl AFM m(;aslur%ments. klr;] fact,h the ang_le—(;esorllved ]ZTPS
(,(E,)) time evolution for two dry-cleaned InP substrates 212/YSIS on the In Gs, peak has shown an in-depth profile

: : ; f metallic indium percentage, whose value was very high in
with and without wet precleaning. It can be seen that thed! Mé . 3
preliminary wet etching causes a faster O-removal kinetici/he. f|r|s';]_7?]2(§) A. Also, thel AFr']VI imagfsee Flg.hﬂa)] ]?f a h
by H atoms, besides a reduction of the native-oxide thicknes pical high-damage sample shows a very rough surface wit

to 19 A. The different kinetics could be explained by the Craters and droplets.
different chemical nature of the oxitland by a disordered As for the substrate temperature, a strong effect has also

: : been observed on the kinetics of the surface damage. Figure
phase introduced by wet etching. 9 shows theE, peak evolution, as recorded during H-atom
i exposure at various temperatures between 25 and 350 °C.
B. Phosphorus depletion: the damage process The obtained data show that H-atom treatment performed in
In the above, it has been clearly evidenced that the clearthe range(25<T<70) °C slightly lowers the InP dielectric
ing process can give a damaged surface when the phosphorusiction. For(70<T<100) °C the dielectric function of InP
depletion[Eg. (2)] and the oxygen removdEqg. (1)] are is not altered and, in particular, the damage of InP surface is
concomitant processes. Figure 7 shows the effect of the exwninimized atT=100 °C. This result agrees well with that
posure time on thée,) maximum during the hydrogenation, reported by de Pierrgt al,'* who obtained a damage-free
at room temperature, of two oxide-free InP samples. Thes#P surface performing the H-atom treatmentTat90 °C.
differently cleaned InP samples have been obtained as foAbove 100 °C, the higher the temperature the faster the dam-
lows: (a) the oxide has been removed by H-atom exposurege. These data suggest that at temperatures below 100 °C
for few minutes aflf =300 °C followed by thermal annealing hydrogen atoms create microroughness and isolated P vacan-
at T=430 °C; (b) the oxide has been removed by thermalcies, whereas at temperatures higher than 100 °C, the surface
desorption aff =640 °C. For both samples, the observed de+apidly deteriorates with the formation of indium droplets.
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t=0min  =0.018 t=45min _ §=0.022 FIG. 10. (e absolute maximum trend at 4.6 eV vs annealing

time for hydrogenated InP samples during annealingj-att30 °C

in presence of few ppm of phosphine. The inset shows the SE
spectrum recorded befofe—) and after annealin@g----), compared

to that of a clean InP sample—).

85%InP+15%V  |g=25R
c-InP

=80min  §=0.024 . 300 °C do not show any significant improvement of {ag
spectra, whereas the sample heated at 430 °C shows a sharp
increase of thé&, peak(see Fig. 1pand, the corresponding
99.5%InP+0.5%In . (€5 spectrum exactly coincides with that of a damage-free
InP surfacegsee inset of Fig. 10 Thus, at 430 °C, Pkither-
mally decomposes on the surface, producing P species,
mainly P, and RH,,? available to saturate the P vacancies
FIG. 8. Top: imaginary parte,), of the pseudodielectric func- and reconstruct the InP surface.

tion of cleaned InP samples befofe--) and after exposure to hy-
drogen plasma at room temperature for 45 ifir), 80 min(----)
and 170 min(—). Bottom: damage depth and composition of hy-
drogen exposed samples calculated from the correspon@ing The ellipsometric data have clearly evidenced that the oc-
spectra at room temperature by BEMA modeling. currence of both O-removaEq. (1)] and P-depletiofEq.

(2)] processes strongly depends on the treatment time, on the

However, when the damage induced by H atoms is consurface nature, and on the temperature apart from the H-atom
fined to the InP surface and does not involve the bulk matedensity. Among these parameters, the surface temperature is
rial, it can be recovered by thermal annealingrat430 °C  the key of the process chemistry. In particular, the tempera-
under PH overpressure. In fact, the damaged samples wertire dependence of the surface reaction fAtehenius-like
annealed, for 10 min, in the presence of Pkl the tempera- plot) represents, together with the kinetic profiles, the way to

tures of 150, 300, and 430 °C. The samples heated at 150dentify the steps controlling the overall surface kinetics.
Thus, it is necessary to define, at first, the better way for

expressing the rate of the surface reactions. The oxide re-

; moval rater,,=Ad/At, has been evaluated from the time

E dependence of the oxide thickneds,, as shown in Fig. 11.

Here, the time dependence of the oxide thickness has been

1 derived from the correspondin@,) dependence upon time

= through the already described BEMA models. Analogously,

the P-depletion rate,=AV,cid/At, has been deduced by

the time variation of the total indiumvoid volume fraction

150 reported in Fig. 12.

250 ] The observed linear time dependence of the oxide thick-

ness and of the damage shown in Figs. 11 and 12 suggests

7'=3|50°C | 1 | | ] that both processes of O removal and P ablation are not

' ' T T controlled by the diffusion of hydrogen into IfBtherwise a

0 20 40 60 80 100 t1/2 dependence should be observedhatever the surface

Time (min) temperaturé! Moreover, the same linear behavior of Fig. 11

indicates that the oxide-reduction process is not limited even

FIG. 9. Trends of thde,) value at theE, maximum vs time by H,O out-diffusion atT>230 °C. It seems that, at high

during hydrogen plasma exposure of a clean InP surface at variof¢mperatures, the rate-limiting step of the O-removal process

substrate temperatures. is rather the surface interaction of H atoms witHn—O—

C. Chemistry and kinetics

<82(E2)>
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FIG. 11. Thickness of the native oxide layer vs time during H
atoms exposure at=230 °C, calculated by BEMA modeling, for
(a) the dry cleaned samplémeasured O-reduction ratg,=0.22
Aiseg, and (b) the preliminar wet etched sample by Hence, afT <130 °C the 1g0, layer and the KO occupying
H,0:H,S0,:H,0,=1:8:1  solution (measured O-reduction rate sjtes which are not available for H atoms, act as a barrier for
rox=0.98 Alseg. See also Fig. 6. the further interaction of H atoms with both O and P sites so
) impeding the total oxide reduction. Therefore, a constant
and—P—O— bonds which react faster than thein—O—  y5jye is maintained even at long hydrogen treatment time
bonds, as similarly reported in literature for GaAs oxide. when atT=25 °C andT=150 °C (see Fig. 4. On the con-
This hypothesis is consistent with the strong effect of thetrary, atT>230 °C, HO easily desorbes and a complete ox-
oxide composition on the O-removal rate as shown in Figjge reduction can be achieved so leaving a perfectly cleaned
11. In fact, the two different slopes for sami® and (b))  |np surface which is no longer protected by oxygen atoms
and, hence, the different O-removal rate of 0.22 and 0.9§nq/0r HO. After that, the InP surface could undergo the
AJsec are the consequence of a higher amount of phOSphO”dl%gradation proceg®) if the H-atom exposure is not imme-

oxides in sample(b) than in sample(@). In this last, the iately stopped, as evidenced by the sudden decrease of the
indium is more oxidized than phosphorus, as revealed b¥52> value in Fig. 4.

previous XPS analysfsMoreover, the sharp rate change ob- “Hence, a key issue for a successful cleaning is the end-
served for both the samples in Fig. 11 when the oxide thickpoint detection i.e., the possibility to stop the exposure to H
ness has been reduced to 3—-4 A, is due to the slower redugioms pefore InP degradation can occur. Fortunately, our
tion kinetics of the 1505 inner layef with respect to the resyits show that InP damage only starts when the oxygen
faster reduction kinetics of the P-O-rich outmost layer. Atpas peen completely removed. Therefore, the time depen-
low temperatures, the surface chemistry and kinetics can al§§ance of the(e,) value can be easily used to define the
be co_ntrolled by the adsorption of water according to Sim"arboundary layer between procesggsand (2). Similarly, Hu
reactions reported for GaAs by Gottscho: et al?! have shown that theP',A) trajectory can also be used
for the end-point detection of the native-oxide removal from

FIG. 13. Arrhenius-like plot of the O-removal ratkd /At ()
and P-depletion ratAV,,,cigdAt () as defined in the text.

2InP+3H,0—1n;05+2P+3H,, (100 gj surface to obtain bare Si without damage.
The chemical model of the oxygen-removal and
2InP+6H,0—1n;053+P,03+6H,. (1) phosphorus-depletion processes should incliidethe sup-

ply of the H atoms to the InP surface afid the interaction

of the H atoms with the InP surface. Under the present ex-
perimental conditions, i.e., high H-atom flux and the small
area of the exposed InP surface, the supply of H atoms can
be excluded as a rate-controlling step. The interaction of H
atoms with the InP surface takes place in the kinetic region,
i.e., the rates of both the O-removal and P-ablation processes
depend on the H-atom coverage=ké,,), and the tempera-
ture affects the pseudorate constahif the surface reactive
process according to the Arrhenius law:

k*=A Ea
A e~y

whereE} is the pseudoactivation energy of the surface re-
active process. The temperature dependence of the
FIG. 12. InP damage, expressed in terms of the total indiunfO-removal ratedd,,/dt, and of the P-depletion ratel(In
+voids volume fractionV i +voigg » @ induced by H atoms vs hy- +voids)/dt, is shown in the Arrhenius-like plot of Fig. 13.
drogen exposure time at room temperature for a clean InP sampld@he O-removal process is characterized by a single pseudo-

V(In+voids) (arb.units)

T AN A | IR

100 15
Time (min)

|||||||| I R

(12)
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activation energyE? , of 0.20+0.05 meV. In contrast, the nation is also supported by the opposite value of the adsorp-
P-depletion process is characterized by a positive pseudoaiten heat$® being negative(Qpy, = —24+5 kcal/mo) for
tivation energy of+0.20+0.05 eV at high temperatures, and PH, and positive(Qp.=+26=5 kcal/mo) for PH: the en-

by a negative pseudoactivation energy-e0.15+0.05 eV at  dothermic PH adsorption and the exothermic PH adsorption
low temperatures. However, the derived pseudoactivatiogontribute to the decrease and to the increase of the pseudo-
energies are too low to be attributed to a reactive step onlyactivation energysee Eq.(16)], respectively. This anoma-

and, hence, they are not the “true” activation energies. INjous behavior of theEX has already been evidenced in the
fact, the interaction of H atoms with InP has basically threeetching of GaAs by Glplasma®*°

steps: the chemisorption of H atoms on active sites, the
chemical reaction, and the desorption of the reaction prod-
ucts. Therefore, the chemical schemes corresponding to the IV. SUMMARY AND CONCLUSIONS

O-removal and P-depletion processes should be written as Radio-frequency hydrogen plasmas were used to investi-

Ky gate the interaction of H atoms with the InP surface and
InPQ +H(g)=InPQ,- H(ad9 aimed to study(a@ the oxygen removal of the surface native
Ik oxide, for the substrate cleanirithe cleaning processand

(b) the phosphorus depletion from the InP bulk which causes

k K0 material damagéthe damage process

—InP-H;0(ady = InP+H,O(9), 13 Using anin situ phase-modulated spectroscopic ellipsom-

Ky g Kpr, eter, the InP surface under treatment was continuously moni-
INP+H(g)= InP-H(ad$— In-PH,(ad$ = In+PH(g), tored in real time and its modification recorded in terms of

(14) (€y). The ellipsometric spectra gave_the fingerprint of the
outmost surface layers in terms of oxide layer thickness and

whereKy, is the constant for the chemisorption equilibrium yoid composition, and of thickness of the phosphorus de-
of H atoms Ky, o andKpy are the constants for the desorp- pleted layer. In addition, the time evolution of the ellipso-
tion equilibrium of the reaction products,& and PH, and  metric data allowed the kinetics of the surface process to be
k is for the rate constant of the reactive step. From the kineti¢juantified.
point of view the above chemical models are a specific case The cleaning process was found to strongly depend on
in which the reaction produdH,O, PH,) inhibits the reac- surface temperature. In particulda) at low temperaturé¢T
tion, since some active sites are occupied by the productsz150 °Q the oxygen-removal process stopped after the first
When this hypothesis applies, the true activation energiedew angstromg5-10 A) of cleaning as the y0 desorption
E., are reduced by the heat of adsorption of hydrogen atomdgtom the inner layer did not occur completel§g) at inter-
Qu, and increased by the product adsorption heats, whicmediate temperatur@ ~200 °Q a complete removal of the
areQy 0 andeW (x=1-3 in the O-removal and P-ablation oxide layer was obtained. Typically, at 230 °C the removal

processes, respectively. Thus, it can be written: of 25 A of native oxide was qbtamed after 7 min o, H .
plasma treatment and the resulting outmost surface layer in-
EX=E,—Qu+ Qh,0: (15  cluded 20% of voids only. Once the oxygen was completely
removed, the H atoms became available for the phosphorus
Ei=Ei—Qu+Qpu, (16)  depletion and the InP surface could be damaged from further

exposure;(c) at high temperaturéT>250 °Q the oxygen
for the pseudoactivation enerds} andE.* of O-removal removal became more rapid and it was not discernible from
and P-depletion processes, respectively. the phosphorus-depletion process which was also rapid. The
The fact that the P depletion presents two different theroutmost surface layers included, beside voids, phosphorus
mal activation zones can be explained on the basis of twyacancies.
different species desorbing from the InP surfacez BHow The overall rate of the surface process, for both oxygen
temperatures and PH at high temperatures, according to tiiemoval (ro,) and phosphorus depletiofrp) displayed
reactions: Arrhenius behavior at various temperatures as follows: for
the cleaning process,,(T) had a monotonous curve, i.e.,
In+PH(g) (low temperaturg the rate increased with increasing temperat®€-350 °Q
s and the resulting activation energy was Q2005 eV; for
the damage process, the phosphorus depletiorr gétg had
In-PH(ads a nonmonotonous curve, i.e., thg(T) curve presented a
O\ minimum, and two values of activation energy were mea-
. sured; the first value was negative0.15+0.05 €\) in the
In+PH(g)  (high temperature low-temperature zondRT-200 °Q and, the second was
(17) positive (0.20+0.05 eV} in the high-temperature zori200—
350 °0.
At high temperaturegpositive pseudoactivation enengghe The low value of the activation energy and the fact that
surface is sparsely covered by H atoms and, hence, PH different activation energy values, depending on the tem-
formed and desorbed; whereas at low temperatimegative  perature range, could be measured for the same surface re-
pseudoactivation enerpyhe surface is well covered by H active process was not surprising, considering that in the
atoms and Plis formed which easily desorbs. This expla- heterogeneous processes the temperature dependence of the
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