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Mechanism for coupling between properties of interfaces and bulk semiconductors
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A mechanism is described by which interface electronic properties can affect bulk semiconductor behavior.
In particular, experimental measurements by photoreflectance of Si(10Q)iB&tfaces show how a control-
lable degree of band bending can be introduced near the interface by ion bombardment and annealing. The
resulting electric field near the interface can affect dopant concentration profiles deep within the semiconductor
bulk by drastically changing the effective interfacial boundary condition for annihilation of charged interstitial
atoms formed during bombardment. Kinetic measurements of band-bending evolution during annealing show
that the bending persists for substantial periods even above 1000 °C. Unusually low activation energies for the
evolution point to a distribution of energies for healing of bombardment-generated interface defects. The
findings have significant implications f@rn junction formation during complementary metal oxide semicon-
ductor device processing.
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[. INTRODUCTION rough vicinity of midgap’ For bulk material with substantial
doping, such pinning would lead to band bending in the un-
Comparing the physics of bulk solids with that of free derlying Si on the order of 0.5 V. The corresponding electric
surfaces or solid interfaces has long occupied substantial réield near the interface would rise to levels sufficiently high
search effort. Curiously, much less attention has focusetP perturb the dielectric constant at optical frequen€iasd
upon the direct coupling between these phenomena. Atthereby be detectable by optical methods.
though there is a significant literature concerning the cou- We exploited this phenomenon to measure with photore-
pling between surface and bulk magnetizatiohthe re- flectance the degree of band bending at the Si;$i@rface
maining papers are scattered thinly among a variety offter ion bombardment. Photoreflectan@R) is one of a
applications, including nematic liquid crystal ordering at class of modulation spectroscopies in which a semiconductor
solid interfaced, bulk quenching of surface exciton is periodically perturbed, and the resulting change in dielec-
emissior?, bulk-influenced surface state behavior at steps onfic constant is detected by reflectarité? PR accomplishes
metals and bulk doping effects on surface band bending inthe modulation with a chopped laser beam havimggreater
semiconductor$. This last paper treats the effects of the than the fundamental band-gap enefgly. Photogenerated
semiconductor bulk on surface electronic properties. Howminority carriers migrate to the interface and recombine with
ever, given the capacity of bulk semiconductors to supporgharge stored there. The resulting change in built-in field
space charge, the reverse influence is also plausible-affects the surface reflectanBein narrow regions of wave-
namely, that surface and interface electronic properties affe¢éngth corresponding to optical transitions of the substrate
bulk semiconductor behavior. The present work offers evi-material. The small reflectance chaniig/R exhibits a spec-
dence for such effects by demonstrating how a controllabléral dependence that is monitored with a weaker, independent
degree of band bending can be introduced at drobe beam using phase-sensitive detection. The presence of
semiconductor-oxide interface by ion bombardment and ana nonzero PR spectrum demonstrates unequivocally the ex-
nealing, and outlines a mechanism by which the resultingstence of surface band bending, and experiments as a func-
space charge can affect dopant diffusion deep within th&ion of temperature and pump intensity can yield useful es-
semiconductor bulk. The findings have significant implica-timates of the degree of this band bendifig.
tions forp-njunction formation during conventional comple-
mentary metal oxide semiconduci@MOS) device process-
ing of transistors. The results also offer insights into the
nature of defect healing at semiconductor-oxide interfaces at Experiments were performed in a small turbomolecularly
temperatures much higher than those explored previously ipumped ultrahigh vacuum chamber set up in conjunction
the literature. with optics for PR as described elsewhere for a similar
It is well known that the Si-SiQinterface can be prepared system:? Such systems are typically capable of base pres-
remarkably free of electrically active defects. Bond rupturesures in the low-10°-torr range. The chamber was equipped
by ion bombardment at energies of a few hundred electromith a variable energy ion gufup to 2.0 keV for ion im-
volts should be capable of creating controlled amounts oplantation. Samples of dimensions 1.2xh0 cm were cut
such defects, although we are aware of no published literdrom boron-doped $100 wafers with resistivity of 0.014
ture regarding the possibility. If bond breakage at the inter{) cm corresponding to a doping level of10*® cm 3. In
face resembles that at a free Si surface, as few &8 10experiments requiring PR measurements as a function of
defects/crf (i.e., a fractional interface coverage of 0.01 to temperature, resistive heating was employed, with tempera-
0.001) can induce pinning of the interface Fermi Iigithe  ture monitored by a chromel-alumel thermocouple. A

Il. EXPERIMENT

0163-1829/2003/689)/1953116)/$20.00 68 195311-1 ©2003 The American Physical Society



DEV, JUNG, GUNAWAN, BRAATZ, AND SEEBAUER PHYSICAL REVIEW B68, 195311 (2003

0.0010 for electromodulation spectroscopies of this type at optical
T=303K transitions far from the fundamental band dép:

= ¢ E_E _.4iT)—N
Pump Beam Intensity AR/R=R{Ce¥(E~Eg;+il) "], (1)

AR 0000 - - -
whereC denotes an amplitude factap,is a phase factol; is

a broadening parameter, aig,; andn are the energy and
dimension of the critical point associated with the transition.
As mentioned earlier, there are actually two optical transi-

-0.0010 L L L L L tions in the region of the measurements: the and E;.
3.0 3.2 3.4 3.6 These transitions of Si are nearly degenerate, however, being
E (eV) separated by less than 0.1 ¥\Elsewhere;? we have shown

) ) that the resulting spectra can be adequately fit by a single
_FIG. 1. Series of raw PR spectra from Arimplanted jine shane having the form of E¢l) with the parameten
Si(100)-SiQ for different pump beam intensities. Presence of a.y,,sen phenomenologically to be 3. The remaining param-
nonzero amplitude signifies band bending. eters can then be extracted from the experimental spectra
according to the methods outlined in Ref. 10. With the as-
sumption of full depletion in the space-charge regiand
Ylegligible tunneling through this 25-nm-wide layghe am-

1000-W Xe arc lamp was used for rap{@5 °C/9 heating
during kinetic measurements, with temperature monitored b

an optical pyrometer. A He-Ne laser operating at 632hn litude factorC scales linearly with the photoinduced change
served as the pump beam. Spectra were collected in the Vi g rface potential!*® which in turn varies logarithmically

cinity of the nearly degenerate; andE| (Ref. 14 optical with the photocurrent®? It can then be showr that C

transitions of Si, which lie near 3.4 eV. obeys
PR spectra from the free (800 surface were obtained by

removing native oxide with aqueous HF, quickly transferring

the sample to the vacuum chamber, baking to achieve ultra-

high vacuum, and heating the surface at 800 °C for 2 miny herek denotes Boltzmann's constarft,the temperature,
Independent experiments in our laboratory with Auger specy,o pump beam intensity, and., the surface potential refer-

troscop)g hav_e shown that this procedure yields an oxide-fregnced to flat bandA, andA, represent constants describing
surface’” Oxided surfa_ces were Iormed by exposure 'to 7optical properties of the substrate. Variation @fwith | at
mbar of G for 15 min at 940°C. Published oxidation constanfT yields the composite paramets exp(V/kT). An

kinetics'® indicate that oxide thickness from this procedure : .
o ) rrhenius plot of A, exp(Vs/kT) at different temperatures
should be 2.0 nm. After oxidation, samples were mplantecﬁeldsv P 2 eXpUVs/KT) P

s

with 0.5-keV Ar ions. We used Ar to induce interface bond™ "0 8 is 4 mean electric field assumption that tacitly un-

breakage without significantly affecting the doping level Ofderlies this analysis; that is, it is assumed that a space-charge

the underlying Si, which affects both the amplitude and th L Il defi if h h >
line shape of the PR spectra and therefore complicates dereglon 's well defined and uniform everywhere on the speci

: . 5. o 8fflen surface. It may be asked whether this assumption prop-
interpretation. Fluences ranged up t&(10™* cm?. erly applies in the presence of the high doping concentrations
(1x 10" cm™3) and possible charge compensation induced
Ill. RESULTS AND DISCUSSION by ion-generated defects in our specimens. Indeed, Lu
et al?! have shown that at carrier concentrations signifi-
cantly above 18 cm 2 in GaAs, the PR signal at thE,
transition disappears. This phenomenon was attributed to
Figure 1 shows room-temperature PR spectra at variouspatial fluctuations in effective surface depletion depth; ran-
illumination intensities for samples implanted with 1 dom variations in the spacing of dopant atoms become com-
X 10" cm 2 Arions. The nonzero spectral amplitude parable to the depth of the space-charge region, which broad-
(AR/R~103) in the figure demonstrates the existence ofens the PR spectra into unobservability. At lower
band bending at the interface. An ion fluence study revealedoncentrations, however, these workers found that a mean-
zero amplitude below roughly 110 ions/cnf. In the  field line shape description worked adequately.
range from X 10! to 1x 10 ions/cnf, spectral amplitude It has also been shown that tikg line shape for GaAs
increased monotonically with no change in the line shapechanges at carrier concentrations between1®’ and 1.5
Above 1.2<10"%ions/cnt this amplitude progression con- x 10 cm~2.2? Very substantial dopant compensation was
tinued, but the entire spectrum shifted downward slightly inknown to be present at the highest carrier concentrations.
energy (~0.03 e\ with no other change in shape. Above Nevertheless, the functional form of E@) still adequately
1x 10" ions/cnt, the amplitude, shape, and position all re-fit the PR data. Changes ifi were attributed to dopant-
mained unchanged. induced spectral broadening, presumably due to increased
To quantify the magnitude of the band bending, we used &arrier scattering. Changes ifiwere attributed primarily to
procedure detailed elsewhéreBriefly, the PR spectrum was variations in electric field strength over the penetration depth
fitted to the classic third-derivative functional form expectedof the probe light.

C=A;IN[A,l exp(Vs/kT)+1], 2

A. Existence and magnitude of band bending
at the implanted interface
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FIG. 2. Arrhenius plots of the quantif, exp(Vs/kT) for oxide- 4x106
free S{100 and oxided, Ar-implanted §i00). c
Fujimoto et al?® have similarly encountered no difficulty 2x10° |

in using Eq.(1) for Si doped to levels comparable to ours.
Their material was not damaged by implantation the way
ours was, but we have found by comparing PR signals from
unimplanted, atomically clean Si and implanted, oxidized Si b)
that the PR line shape does not change significantly. Based
on these various lines of evidence, we conclude that the FIG. 3. Variation of spectral amplitud€ with time for Ar-
mean-field assumption is adequate. implanted Si100 annealed at different temperatures in te
Figure 2 shows Arrhenius plots connected with Ej.for low-T regime andb) in the highT regime. Lines are guides to the
clean S{100 and for oxidized, Ar-implanted material/ eye. In(a), a saturation valu€.,, is reached at long times.
equals 0.520.01 and 0.46:0.02 eV for the respective sur- o ) .
faces. The value for clean(@DO) is higher than that of 0.33 oughly 300 and 500 °C, the pinning amplitu@eincreases
eV obtained by Fujimotcet al?® by a similar method for !0 @ saturation valu€,,, (corresponding to a band bending
n-type S{100) with a similar doping level. We note, how- of 056 e\/).Above roughly_ 7SQ °CC_ decreases to zero. The
ever, that although the surfaces in Ref. 23 were nominallya@riation of amplitudeC with time in the two regimes ap-
free of adsorbate, the precise degree of cleanliness cannot Bgars in Figs. @ and 3b). The rate constants describing the
ascertained from the reported data. Photoemission results f§olution of C obey simple first-order kinetics in both re-
clean S{100 exist but have weaknesses. Himpsglal2* ~ gimes as shown in Figs.(# and 4b). Arrhenius plots de-
reported thatEx on undoped Si(100(2x 1) lies 0.34 eV scribing the te_mpe_rature dependence of the two r_ate con-
above the valence-band maximum based on core-level ph&fants appear in Fig. 5. In the low-temperature regime, the
toelectron emission at room temperature. However, theyate constantk,, obeys (2.X 1_01*0'1_m|n*1)exp(—0.20
based this result on an early value ¢ — Eygy of 0.33 eV +0.02 eVKT). The correspondmg+ hlgh—temperature rate
reported by Allen and Gobéfi for a different surface— constant Kygn, obeys (4. 10°*% min~!)exp(-0.89
cleaved Si(11-(2x1). Himpsel etal®® subsequently *+0.02eVvkT). .
made improved measurements on Si(t{2x1) to yield The transformauons in both regimes _ta_ke place at tem-
0.40 eV. Thus, the earlier result for Si()002x 1) must be peratures hl_gher than_ th_os_e characterizing other dgfects
readjusted to 0.41 eV. This result lies within about 0.1 eV ofknown to exist at the Si-SiQinterface. For example, emis-
our result, which is rather close given varying crystal facession and capture of charge carriers by interface traps in metal

and doping levels employed in the relevant literature. oxide semiconductaiMOS) structures takes place at roughly
200 K2’ So-called P, centers correspond to Si dangling

bonds at the Si(111)-SiQRef. 28 and Si(100)-SiQ (Ref.

29) interfaces. Formation of these deféftand reaction with

molecular hydrogett?take place at lower temperatures and
After implantation, specimens were annealed isothermalljhave activation energies greatly different from ours.

under vacuum for various times and temperatures. All PR The activation energies we obtain kg, andky,q, fall far

spectra were collected at 300 K after quenching because theelow the values expected for first-order reactions in the re-

signal for Si becomes quite small above 150Ref. 13 due  spective temperature regimes. With “normal” preexponential

to substantial thermal generation of charge carriers. Anneafactors near 1¥s !, the respective activation energies

ing studies revealed that band bending remained nonzero favould be roughly 1.8 and 2.9 eV at 400 and 800 °C, respec-

several minutes of annealing up to temperatures of at leasively. Large-scale free-surface reconstructions fo{1Ei)

940 °C (the limit of our apparatys Two distinct kinetics re- and GaA$100) exhibit similarly low values? However, ion

gimes characterize the evolution of band bending. Betweefluences of only & 10 ions/cnt (equivalent to roughly

time (min)

B. Annealing behavior of band bending: Distribution
of activation energies
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FIG. 6. Schematic band diagram forpatype semiconductor
showing the reflection of positively charged interstitial atoms by the
electric fieldE(x) within the space-charge regid®CR near the
oxide interface.

Ln(C)

that the defected Si-SiQOnterface supports silicon atoms in
various oxidation states ranging froml through+4.3* In-
deed, the density of suboxide statesver than-+4) appears
to vary in proportion toP, center density for interfaces of
SiO, with both S{100) and S{111).>* A similar correlation
has been found for oxide interfaces with Si-Ge all&y/Evo-

FIG. 4. C vs time data fit to first-order kinetics féa) the low-T ~ lution kinetics for surface transformations with continuous
regime andb) the highT regime. Lines are the least-square fits. In distributions of activation energies have been studied in de-
(@), Ceqtis the saturation value o in Fig. 3a). tail, particularly for gas desorption, and are known to exhibit
abnormally low effective activation energigsAs tempera-

0.01% of a monolay@rare required to initiate band bending. Uré increases, excitation of slightly higher-energy states
This fact suggests that point defects govern the kineticSoupled with complet_|on of transformation in slightly lower
rather than large-scale rearrangements. Bulk diffusion ofM€rgy states conspire to attenuate the temperature depen-
point defects or atomic reactants also cannot explain the rélence of the aggregate rate. Weakened temperature depen-
sults. Activation energies for hopping of such speciesdences give rise to lower e_ffectlve activation energies. S_uch
through both S{Ref. 37 and SiQ (Ref. 33 tend to be 1 eV effects probably also e_xpla_m th_e abnormally low activation
or less. With normal hopping prefactors on the order of€N€rgy for defect annihilation in bulk Si damaged by ion
1073 cn?/s, the diffusion lengths would be too long to be IMPlantation;” wherein local lattice rearrangemetatf inde-
rate limiting. terminate but_probably va}rlable typbas been cited as the
We consider it more likely that the kinetics reflect healingProbable healing mechanism.
by local rearrangements of defects having a wide variety of
geometries, leading to a wide and possibly continuous distri-
bution of activation energies. Studies Bf centers indicate

(b) time (min)

C. Coupling to bulk dopant motion

Band bending at the defected interfdoe at a clean sur-
face provides a means by which interface defects can couple
to charged point defects in the underlying semiconductor,
influencing their motion. Examples of such defects include
interstitial silicon, which can exist as &i, S, and Si’,*’
and interstitial dopants such as boron, which can exist as
B;*, B and B~,*® and as complexes (B-Si) (B-Si)°,
and (B-Si) .*%*° For p-type doping, interstitial atoms of B
and Si are positively charged. The field points into the bulk
as shown schematically in Fig. 6 and therefore tends to repel
the interstitials from the interface.

The magnitude of this repulsive effect can be estimated as
\ ! ! ! follows. At large doping levels* 10?°° cm™3) characteristic
15 18 21 24 of many CMOS device processing applications, the space-

1K, T (eV) charge region in the semiconductor is nominally just a few
nanometers wide. At these high carrier concentrations, its

FIG. 5. Arrhenius plots of rate constants describing evolution ofdepth will vary with position because of the random distri-
band bending. bution of dopants as discussed above. Despite this variation,

T(°C)
480 350 300

E, = 0.20 eV

Log,q(k)
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the magnitude of the average electric fi¢ldn this region typically created by ion implantation of dopants through a
can be very roughly approximated from well-known mean-thin layer of SiQ (Ref. 42 followed by heating to 1000—
field expressions and is quite largex20° V/cm. This field 1100 °C for 1 s ofless to remove implantation damage and
introduces a drift component to the interstitial flixn ad-  electrically activate the dopant. However, much research has
dition to the diffusive component according to showrf® that bulk defects created by implantation mediate
rapid dopant diffusion during annealing, which substantially
deepens the junctiofparticularly for boromn and degrades
subsequent device performance. A great deal of effort has
sought to minimize this “transient-enhanced diffusion,” with
the effort guided by detailed modeling of the diffusion of the
various point defects and the reactions among tfi&h.
Extrapolation of the kinetic data presented here to the
temperature range of processing interest shows that
implantation-induced band bending persists throughout the
annealing step. The corresponding loss of an important inter-
facial sink for interstitialgparticularly of Sj should increase

J= DaN+ NE DAN+ NEI 3
=—D+zu (¥)~—=D £ +zZuNEX) ©)
where N represents the concentration of interstitidlsthe
corresponding diffusivity, and the charge. The carrier mo-
bility « can be approximated rough{gince the semiconduc-
tor is degenerajeas qD/kT. In the limit that the interface
approximates a “perfect” sink, so thad decreases to zero,
AN approached\. Equation(3) can then be rewritten as

J~-D i—’)\:+ %Né‘(x) the average concentration of interstitials deeper in the bulk.
This increase speeds the rate of kick-in and kick-out reac-

D zD tions between the interstitials and dopant atoms residing in

=< ~Ax + ﬁg(x)) N substitutional lattice sites, thereby increasing the net mobility

of the dopant. The enhanced mobility inevitably leads to an
=(—A+zB)DN. (4) undesired increase in the depth of the junction, which in

. . current advanced devices lies a few tens of nanometers
For a band bending of0.5 eV, the drift-related paramet8r o q\46

in Eq. (4) exceeds the diffusion-related parametdly more Thjs scenario suggests that one previously unrecognized
than an order of magnitude even at temperatures approachifigsitation to obtaining shallower junctions and correspond-
1000°C. ingly improved device performance is implantation-induced

Thus, the field is sufficiently strong to virtually stop the pang pending. Processing methods aimed at reducing band
motion of positively charged B and Si interstitials toward thebending after implantation should lead to larger rates of in-

interface.(An analogous effect would be observed for nega-yg(stitial incorporation at the interface, thereby resulting in
tively charged defects diffusing in-type materia). The op-  ghaliower junctions.

posing field transforms the interface from a significant sink
into a good reflector. Note that this rough treatment repre-

sents a conservative estimate. The Si-Sitderface provides IV. CONCLUSION
a significant, but not perfect, sink for free interstitidts,
meaning thatAN<N. Under these conditions, the domi-
nance of drift over diffusion becomes even more accentu

The results presented here point to a previously unrecog-
nized way in which electrically active surface defects can
influence the motion of charged mobile species in the under-
ated. ; ; ; ;

Thus. the defects at the interf le to th i lying bulk. Such motion can determine the material proper-

us, the detects at i€ interface can coupie 1o the MOUOK. o f the pulk(such as doping profile after device process-

of charged defects in the underlying bulk by setting up 4ng). Coupling of this sort is likely to become increasingly

space-charge region very close to the mterface_ that Str(.)ng-’li)anortant as semiconductor devices of all sorts shrink to
repels the bulk defects. One way to represent this repulsion

th h the effective interf b d dition for th Smaller sizes, so that surface and interfaces lie close to the
roug € eltective ntertace boundary condition Tor the ;e regions of the devices. The present work has offered

diffusion equ.atio'n describing charged .bUIk. defects. Thean example of how physical and thermal means might be
strong repulsion in the near-interface region in effect make

TUsed in tandem to avoid unwanted dopant motion. However
the boundary condition more reflecting, thereby changing th b '

§ is easy to envision greatly expanded possibilities for con-
concentration profile of the bulk defects. In situations y g y eXp P

. i e : S trolling such coupling by adding chemical means to the ar-
wherein these defects mediate diffusion of impurities or 9 pling by g

. o . : o 2 ~'senal for modifying surface and interface defects, and by
other species within the bulk, this change in profile 'nev'ta'focusing not only an avoidance but also on the proactive
bly induces a corresponding change the concentration prOfiIf':'ailoring of material properties in the confined spaces of new
of the mediated species, which in turn leads to modified bu”‘generations of devices.
material properties.
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