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Ultrahigh B doping (=107 cm™2) during Si(001) gas-source molecular-beam epitaxy:
B incorporation, electrical activation, and hole transport
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Si(001) layers doped with B concentratiof between X 10 and 1.2< 1072 cm™2 (24 at % were grown
on S(001)2x1 at temperature§,=500—850 °C by gas-source molecular-beam epitaxy frofds3nd BHg.
Cg increases linearly with the incident precursor flux f@%s/JSiZHG and B is incorporated into substitutional
electrically active sites at concentrations upC(Ts) which, for T¢=600 °C, is 2.5 10?° cm™3. At higher B
concentrationsCg increases faster thahngG/JSisz and there is a large and discontinuous decrease in the
activated fraction of incorporated B. However, the total activated B concentration continues to increase and
reaches a value dflg=1.3x 10?* cm 2 with Cg=1.2x10?? cm 3. High-resolution x-ray diffractionHR-
XRD) and reciprocal space mapping measurements show that all films, irrespec@®geanfd T, are fully
strained. No B precipitates or misfit dislocations were detected by HR-XRD or transmission electron micros-
copy. The lattice constant in the film growth directian decreases linearly with increasi@g up to the limit
of full electrical activation and continues to decrease, but nonlinearly, @k C§ . Room-temperature
resistivity and conductivity mobility values are in good agreement with theoretical values for B concentrations
up to Cg=2.5x10%° and 2x 10?* cm 3, respectively. All results can be explained on the basis of a model
which accounts for strong B surface segregation to the second-layer with a saturation céygga@ed.5 ML
(corresponding taCg=Cg). At higher Cg (i.e., 5> 6 sa), B accumulates in the upper layer as shown by
thermally programmed desorption measurements, and a parallel incorporation channel becomes available in
which B is incorporated into substitutional sites as B pairs that are electrically inactive but have a low
charge-scattering cross section.

. INTRODUCTION yield regions with inserted113 planes® Similar structures
have been observed, following annealing at 900 °C for 100 h,

Ultrahigh B doping(concentration®Cg>5%x10" cm™®)  in B-doped Czochralski-grown Si withCg=1X 10"
in Si is currently of interest for use as emitter layers in Sicm 3.* In this case, the thermally generated Si self intersti-
bipolar transistors,base layers in Si/$i,Ge, heterostruc- tials condense ofil12 planes. Electrical deactivation of B
ture bipolar transistorssource and drain regions in metal- acceptors has been reported to be linked to the presence of
oxide semiconductor transistors, electromigration-resistarthe above dislocation structurs.
selectively-grown epitaxial zero-level metallization lay&fs, Here, we present direct evidence for B deactivation in
and etch stop layersReported B equilibrium solid solubili- defect-fregas judged by TEM and high-resolution x-ray dif-
ties in Si range from &10°° cm™3 at 1400°C(Ref. §  fraction) Si(001) films. This implies that the complex respon-
to =1-1.5¢10°° cm 3 at 1000°C (Refs. 7 and B and sible for B deactivation is of sizes50 A. Previously pro-
2% 10" cm ™3 at 700°C’ Electrically active B concentra- posed nanoscale clustering mechanisms include B Pairs,
tions of 1-3x10%° cm™2 have been reported for ®01): B two types of B, clusters:® and amorphous B clustet5.
layers grown by ultrahigh vacuum chemical-vapor Newman and Smith found three infrared peaks, corre-
depositiol and solid-source molecular-beam epitaky. sponding to absorption froB-11B, 118-1%8, and 1°B-1°B
However, the reaction paths leading to the incorporation opairs, in Czochralski-grown B-doped Si withCg
both electrically active as well as inactive B are not under-=5x 10'° cm 3. The relative peak amplitudes matched B
stood. isotopic abundances. Aab initio pseudopotential calcula-

B has been the primary-type dopant in Si device fabri- tion, using a 64-atom supercell, predicted that the lowest-
cation for more than 30 years, yet there is still no consensugnergy configuration for B clusters in Si corresponds to B
on the mechanism leading to B deactivation at high concenpairs aligned along001) directions, occupying single Si
trations. Reports of B precipitates observed in transmissiosites, and having a bond length of 1.6'A.
electron microscopyTEM) images from ion-implanted Si Our group has previously demonstrdtethat for B con-
(Ref. 11 with Cg>1x 10" cm™3 were later shown to be centrations up to 101 cm 2 in Si(001) layers grown by
incorrect. The features were actually dislocation loops, agas-source molecular-beam epitaxyGS-MBE)  from
determined byg- b analyses of TEM image@vhereg is the  B,Hg/SiHg mixtures, Cg increases linearly with increasing
diffraction vector andb is the dislocation Burgers's fluxratioJg y /Jsiy, at constant film growth temperatufg
vecton.!? The loops form as Si self-interstitials, created dur-(600—950 °G and decreases exponentially withil L&t con-
ing implantation, condense during post-implant annealing tstantJg y /Jsipn, (9.3X 10°-2.5x10 2). B incorporation
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is thermally activated and JBlg reactive sticking probabili- Il. EXPERIMENTAL PROCEDURE

ties range from=6.4x 10 *at Ts=600°C to 1.410 *at The films were grown in a multichamber ultrahigh
950 °C(Ref. 19 while Si deposition from $He is precursor 3c,ym system, described in detail in Refs. 19 and 20. The
mediated?’ Temperature-dependef#0-300 K hole carrier system is evacuated using a combination of ion and
mobilities are equal to the best reported bulk Si:B data ang;;pomolecular pumps to provide a base pressure of
are in good agreement with theoretical maximum values._ gy 10-11 Torr. The growth chamber, equipped with re-

Over the6 range in dciglng concentrations investiga®d,  fiection high-energy electron diffractiofRHEED) and a
=5x10 _2X1_01 cm*, the presence of B had no signifi- 4,,adrupole mass spectromet@MS), is connected through
cant effect on film growth rate®s;. _ ~a transfer chamber to an analytical station containing provi-
“We have recently shown that higher B doping duringgjons for Auger electron spectroscopdES), electron en-
Si(001) GS-MBE from BHg/Si;Hs mixtures leads to com-  grqy oss spectroscopy, and low-energy electron diffraction
plex and competing kinetic effects giving rise to an increase(LEED)_ TPD measurements are performed in a chamber
in film growth ratesRg; by =50% with increasingCg  attached to the analytical station, containing a heavily differ-
=1x10" cm 2 at film growth temperatureb,< 550 °C and entially pumped Extrel QMS.
a decrease by corresponding amount§g 600 °C21-22At B-doped Si001) layers, 0.12—2.um thick, were grown
low film growth temperatures where steady-sthtecover-  fom Si,Hg and BHg molecular beams delivered to the sub-
agest), are largeRg; increases due to strong B surface seg-sirate through individual directed tubular dosers located 3 cm
regation (with enthalpyAH;=—0.53eV) (Ref. 23 to the  from the substrate at an angle of 45°. The dosers are coupled
second layer. This enhances H-desorption rates, primarilyy feedback-controlled constant-pressure reservoirs in which
through backbond charge transfer from surface Si-H bondgressures are separately monitored using capacitance ma-
to B-Si backbonds. At higi's, 6, is small and the primary nometers whose signals are in turn used to control variable
effect of high-B coverages is to deactivate surface danglingeak valves. Valve sequencing, pressures, gas flows, and sub-
bonds and, hence, to decrease the density of reactive sitestrate temperature are all computer controlled.
Hydrogen binding energies and dangling bond coverages as The S{001) substrates were X3 cn? plates cleaved
a function ofCg, 6g, andT were quantitatively determined from 0.5-mm-thick n-type (resistivity=23-28( cm, n
by isotopically tagged Ptemperature programmed desorp- =1-2X 10" cm™3) wafers. Initial cleaning consisted of de-
tion (TPD). The data were then used to mod&}(Cg,Ts) greasing by successive rinses in warm trichloroethane, ac-
with no fitting parameters. The results are in very goodetone, propanol, and deionized water. The substrates were
agreement with measured growth rate data. then subjected to four wet-chemical oxidation/etch cycles
In this paper, we present the results of an investigation ofonsisting of the following steps: 2 min in a 2:1:1 solution of

ultrahigh B dopant incorporation and electrical activationH20:HCI:H;O;, rinse in fresh deionized water, and a 30-s
during S{001):B GS-MBE. The films were grown from etch in dilute(10%) HF. They were blown dry with ultrahigh

; : urity N,, exposed to a UV/ozone treatment which consists
?'25%% %%%O%H‘s as a function of temperatur_eTg gf U)\// i?radiaaion from a low-pressure Hg lam{d5 mw
= - ) and incident Blg flux (Jg 4. =7.0 vt L L ;

) 6 o gy GG cm 2) for 30 min in air to remove C-containing specfés,
x10%-6.6x 10" cm™?s™) with Jg;4, maintained constant  anq introduced into the deposition system through the trans-
at 2.2<10'° cm~?s™%. All B was incorporated into substitu- fer chamber. There, they were degassed at 600 °C for 4 h,
tional electrically active sites fo€g<2.5x10?°cm 3 (Ts  cooled to 200 °C, and then rapidly heated=et00 °C s* to
=600°C), corresponding to a saturation B second-laye100 °C for 1 min to remove the oxide. The pressure increase
coveragedg of 0.5 ML. At higherCg, 6 exceeds 0.5 ML  during oxide desorption was:3x 10 ° Torr for a duration
and an additional B incorporation mechanism becomes opaf less than 10 s.
erative allowing incorporation of B pairs at substitutional Si  Substrates processed using the above procedure exhibited
sites. The latter are not electrically active but have low2x 1 RHEED patterns consisting of well-defined diffraction
charge-scattering cross sections and thus relatively little efspots, rather than streaks, with sharp Kikuchi lines and es-
fect on carrier mobilities. sentially equi-intense fundamental and half-order reflections.

All films were fully strained with no indication by high- The layer surfaces were thus atomically smooth with rela-
resolution x-ray diffraction (HR-XRD), high-resolution tively large terraces. No C or O was detectedrgitu AES.
reciprocal-space lattice mapping, or HR-TEM of misfit dis- Substrate temperatures were determined using Pt-Rh thermo-
locations or B precipitates. The film lattice constant alongcouples calibrated by optical pyrometry.
the growth directiona, decreases linearly with increasing  Undoped Si buffer layers, 200 A thick for Hall-effect
substitutional B concentration and increases linearly, alsamples and 6000 A for all others, were grown at 800 °C
though at a much lower rate, with increasing B-pair concenprior to commencing Si:B film growth. The buffer layers
tration. Room-temperature hole conductivity mobilitigg  serve two purposes. They cover any remaining surface con-
range from 170 to 48 cfV 's™* for hole concentrations tamination while simultaneously providing a more uniform
of p=Cg=1x10" and 2.5¢10?°cm 3. Even with p  distribution of terrace lengtts. The primary Si001):B film
=4.0¢10°° cm™3 (Cg=1.3x10?* cm™®), u;, remains rela- growth temperatures werd =550 and 600°C in the
tively high at 41 crAV~1s 1. The metal-insulator transition surface-reaction-limited growth regime, but films were also
at room temperature occurs & B concentration of approxi- grown at 500 °C and in the flux-limited growth mode at 700,
mately 8< 10" cm™3 and the minimum resistivity is 300 800, and 850 °C in order to investigate the effect of ultrahigh
p cm. B doping onRg; as a function ofTg. The incident disilane
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flux was Jg; =2.2x 10'° cm~?s™* while the diborane flux F :6' T T GS-MBE S|(00‘II)B

Jg,m, Was varied from 7.8 10?2 to 6.6< 10 cm2s L. - 1.2x10 - Jgighg = 22x 10" omi”s '3
TPD measurements were carried ontsitu. Following 20 5.0x10 T, =600°C

Si(001):B growth, the films were quenched #0200 °C and 107 1.2x10% E

exposed to atomic deuterium until saturation coverage. For 2.4x10™

this purpose, b was delivered through a doser identical to S i

those described above, but with a hot W filament near the (5* 1"

outlet to crack the gas. All H was exchanged for D as dem-

onstrated by TPD. The TPD experiments themselves have no

measurable effect on B surface segregation, as shown by the wl

fact that the ratio of the BKLL 179 e\) to SiLMM 92 eV) 0 i Y T

AES peak intensities remain constant, and successive TPD 0 0.5 1.0 1.5 20 25

measurements yield identical results. For TPD analyses, Depth (um)

samples were heated at a linear rate of 2°E $he experi- . .
ments were performed with the sample 2 mm from the 5-mm_ FIG. 1. SIMS depth profiles throbga B modulation-doped

diameter hole in the skimmer cone of a heavily differentially S(00D:B film grown by GS-MBE from SiHg and BHe at

— o H H " _ 6
pumped Extrel QMS. Deuterium was employed rather tharfs=600°C. The incident SHg flux was Jsy,=2.2x 10"
?s7! while the B flux Jg, was varied from 8.4 10" to

hydrogen in order to suppress the background signal. cm
Deposited film thicknesses were measured using microt-2< 10" cm™2s™%. The deposition time for each layer was con-

stylus profilometry while B concentrations in as-depositedstant at 1 h.

layers were determined using a Cameca IMS-5E secondary _ _ _ .

ion mass spectrometéBIMS) operated with a 10 keV g levels?” The de_plet|on_reg|on electrically |solatgs_ the SL_Jb—

primary ion beam to detedfB. Quantification, with an ex- strate from the film during measurement. The minimum film

perimental uncertainty of 10%, was accomplished by com- thickness for Hall effect samples was 5000 A.

parison to B ion-implanted bulk @l01) standards. Other ~ Cross-sectional transmission electron  microscopy

than intentionally introduced B, the films contained no de-(XTEM) examinations were performed in a Philips CM12
tectable impurities. microscope operated at 120 kV while high-resolution lattice

High-resolution x-ray diffraction(HR-XRD) measure- images were obtained at 300 kV using an Hitachi H9000
ments were performed using a four-axis diffractometer withMicroscope. XTEM samples were scribed and cleaved into
a collimating x-ray mirror, a Bartels four-crystal (®22) 2X 4 mnt pieces, which were glued film to film and then cut
monochromator, and an Euler sample cradle with indepenwith a diamond saw into 2 1.5 mm slabs approximately 0.4
dent computer-controlled drive of all sample rotation anglesmm thick. The samples were then glued to Pyrex glass plates
The instrument is capable of positioning samples to within 12nd polished from both sides with 500 grit SiC paper then
arcs. CuKa, radiation (. =1.540597 A) with angular di- With 0.3 um alumina polishing wheels to reduce the total
vergence<12 arc s and a wavelength spread-e2x 10~ ° thickness to 20—2%m. Final thinning to electron transpar-
was incident at an angle with respect to the sample surface. €ncy was achieved by Arion milling from both sides. The
Overview w-26 scans(é is the diffraction anglewere per-  incident beam angle and energy were progressively reduced
formed using a wide-apertufe=2°) detector with a rotation from 15° to 11° and 5 to 3.5 keV in order to minimize ra-
rate twice that of the sample. In order to investigate the oridiation damage artifacts and to obtain samples with rela-
entation dependence of x-ray scattering distributions fronfively even thickness distributions. The samples were cooled
the films, the detector acceptance was reduced1@ arcs during ion milling such that their temperature never ex-
by placing a three-reflection Ge crystal analyzer between theeeded 100 °C.
sample and the detector. High-resolution reciprocal space
maps were then constructed from successi¥26 scans,
centered at different values @. Recorded intensities are
plotted as two-dimensional topographical contour maps as a
function of wave vector perpendicul&iy and parallel; to
the surface.

Resistivity and Hall-effect measurements were carried ou

as a function of temperature between 25 and 300 K. Sampl IMS profile throug a B modulation-doped sample is pre-

were measured in the van der Pauw configurafiomith L . .
. : ented in Fig. 1 for a 8901 multilayer film grown atTg
ohmic contacts formed by evaporating Al through a maSkS=600°C with successive B-doped regions separated by

and annealing the sample in high vacuum at 300 °C for 60 s. SN
In-clad Pt electrical leads were soldered to the Al contactsumjo'o.ed bu_ffer layers. Th_e dgposmon time for al Iayersﬁ was
The magnetic field strength for the Hall measurements wa§0 min with Js;, maintained constant at 220

10 kG. Lightly dopedn-type substratesn(=1x10% cm=3)  cm s ' while Jg ;; was varied to provid€g values from
were used in order to create a large depletion layer which.7x 108 to 4.7 10°° cm™3. SIMS results from layers with
extends dee3—3.5 um) into the substrate while being of Cg=<2x 10" cm2 exhibit no measurable B segregation and
negligible width (<30 A) in all films in this study p yield profiles which are essentially flat with the leading and
=10'-1072 cm™3) due to the large difference in doping trailing edges abrupt to within experimental resolution, 80 A

1. RESULTS
A. Boron incorporation

More than 70 single-layer and multilayer B-dope0®i)
films were grown in order to determine B incorporation
brobabilities as a function QTBzHe/‘]SizHe andT. A typical
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FIG. 2. Incorporated B concentratios in GS-MBE S{001)
layers as a function of the incident flux ratly 4 /Js;,n, during FIG. 3. Incorporated B concentratiof@ in GS-MBE S{001)
growth at temperatureb of 550, 600, 700, and 800 °C. The inset layers as a function of the growth temperatdrg with incident
shows the ratio of measurdé8IMS) to calculatedEq. (5)] B con-  flux ratios Jg,n /Jsip, Maintained constant at values between
centrationCg as a function oﬂBZHleSizHG. 9.3x10°% and 3.0.

per concentration decade. Significant B segregation is oltrations, Cg/Cp o, increases with decreasingy yielding
served, however, in layers deposited under conditions corrésg/Cg cqc Values as high as 10 witlg y /Jsiv,=3 and
sponding to higher steady-state B concentrations. Wigh T .=550°C.

=2x10"% cm ™3, the B incorporation probability is initially Figure 3 is a plot ofCy as a function ofT for incident
depressed_giving rise to SIMS profiles with “missing” B at flux ratios Jp,H,/IsiH, between x10°° and 3. With
the back side as B accumulates at the surface until a steadyézHe/JSiszgo_l, the slope of Ing) vs 1/T, remains con-

state surface-to-bulk B fraction ratins is achieved. The a0t and negative corresponding to a positive activation en-
value ofrg depends UpOfis, Rs;, andJpp,. After uming  grqy the signature of a thermally activated procédsy B
off the B,Hj; flux, the excess B at the surface acts as a resehemisorption. At highedg 4 /Jsi, ratios, the slope con-

ervoir, in multilayer samples, to continue doping what wasijnyously increases and becomes positive Wighy /s,

mtinded to b_e undc;p(;d buf;e;]lay?rsr.] files in Fia. 1 >2. The change in slope signifies that additional surface
comparison of the widths of the proiiles In Fig. 1 o550 paths leading to B incorporation become active. The

clearly shows, in agreement with the results in Refs. 22 an¢ta,q toward a more positive slope at highBy, /Jsi
23, that the Si deposition rate at 600 °C decreases with in- 26 "2'6

creasingCy, at highJ 4, /Js,.,. ratios. B doping at concen- values indicates that an additional B incorporation pathway
) B 9N Jg,Hg! IsiHg o ping at high-B concentrations has a negative activation energy
trations greater thar-5x 10°° cm™* induces surface rough- and, hence, is precursor mediated.

ness which propagates in multilayer samples, thus
introducing error in the SIMS depth resolution. Therefore,
layer thicknesses used for growth rate determinations in
samples with hightg values were obtained from single-  Effective hole concentrations, in B-doped S{001) films
layer films in order to minimize the number of interfaces. grown at T;=600°C with total B concentrationsCg
At constantT and Jg; 4, the total incorporated B con- =1X 10t"-1.2<107? cm™®  were  determined  from
centration Cg, as measured by SIMS, increases linearlyl®mperature-dependeri25-300 K Hall-effect measure-

with the flux ratio JBzHelJSizHe up to =0.25 (‘]Bsz ments using the following relationshfp:

=5.5x 10" cm ?s %) as shown in Fig. 2 for layers grown at
T,=550, 600, 700, and 800 °C. At,=600 °C, for example, _7 1)
Fig. 2 shows thatJBZHGIJSiZHGZ 0.25 corresponds tdCg aRy

=2.5x10?° cm™3. The solid lines in Fig. 2 were calculated _ , _ ,
using the procedure outlined in Sec. IV B and agree welf" which q is the elementary charg®, is the Hall coeffi-

with experimentalCp(Jg 1 /Js v . T.) data throughout the cient, andy is thg Hall scattering f_a(_:tor def_irjed as the ratio
: % 8(Ja,tg Isi 7o) g of the Hall mobility to the conductivity mobility. We use an
linear B incorporation range at all growth temperatures

H . /3 b ter thar0 3 “effective” hole concentration in Eq(1) since, as we show
OWEVET, aSJp g/ JsiH, DECOMES greater thart.o, meéa-  pajoy, there is a range in B concentrations over which mea-

sured B concentrations exceed calculated values by amoundgredp, values are larger than the corresponding valence-
that increase with the flux ratio and are larger at lower temyand hole concentrations, primarily due to changes in the
peratures for a given value df  /Jsi - The insetin Fig.  density of state§DOS), which decrease the band gap and
2 shows that the ratio of measured to calculated B concergive rise to higher effective intrinsic carrier concentratiéhs.

B. Hole concentrations
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T (K) X 10" ecm 2 were analyzed using the charge neutrality equa-
300 100 50 25 tion written for a single acceptor. The analysis accounted for
prrT T ' valence-band spin-orbit splitting, included the full Fermi in-
5GS'MBE Si(001):B tegral, and used an effective-mass valence-band DOS as in
1022 T, =600°C Ref. 19. Values of the electrically active B concentrath
— o e s s e e and unintentional background donor concentratiNgsvere
‘€ 10%F3.9x1019~" 16x10%1 “_vﬁ_gxwwx 25x10%° 1 determined based upon nonlinear least-squares fits. The cal-
° 2aan ) 5‘ 0x10'8 "3 culated curves exhibit very good agreement with the Hall-
o’ 10" 5-&-..““& 1'W effect dataNg values were equal t€g within experimental
st o : uncertainty andNy for all samples was<9x 10" cm3,
10'°F k\K‘,_A/‘/‘ 36x10 E Since all donors, irrespective of their ionization energy or
3 E origin (i.e., impurity or defect-related stateontribute to
10“‘;— — T7510"7 3 Ng, the maximum concentration of donorlike defects is
1 1 1 i 1

. . . <9x 10" cm 3. Similarly, the maximum concentration of
10 20 30 . 40 50 shallow acceptorlike defects must also 48 x 10" cm>.
1000/T (K) Theomsamgles in Fig. 4 withCg=5.0x10"® and
. . . 6.0X10° cm ™ have B concentrations near the metal-
FIG: 4. Representative data sets showing the effective hole CO%emiconductor transition. As the measurement temperature is
centrationp, as a function of temperaturefor B-doped GS-MBE . o
Si(001) layers grown from SHe /B,Hg mixtures afl,— 600 °C.Cy, reduced below 30_0 K, carrier free_ze—out resul_ts first in about
is the total incorporated B concentration. a 20_% decrea;e 'Pe before_ hOmeg con(.juctllon bgglns to
dominate and increag® again until saturation is achieved at
A convenient treatment of hole transport assumes a scatemperaturess60 K. The combination of valence-band tail-
tering factor of unity, but this has been shown to result in aning (primarily) and broadening of the acceptor band formed
overestimate of the dopant concentratiompitype Si2®*32y by the overlap of acceptor-state wave functions eventually
was calculated by Liret al,®® accounting for the nonpara- leads to overlap of the impurity and valence bands in films
bolic and anisotropic nature of the valence band, to be 0.7With Cg=2x10'° cm™3. Thus, these samples do not exhibit
while Lu et al3* measuredy as 0.75 for S001) B with Cg  carrier freeze out and are predominantly metallic in nature

=5x10%-1.3x 10" cm 3. We have used=0.75 and as- over the entire measurement temperature range.

sumed it to be independent &g, consistent with the re- In the intermediate conduction regime described above,

ported weak functional dependenté? prior to the onset of band overlap, increasing the acceptor-
Typical curves of p, vs reciprocal temperature are state hole densitp,.. (a function of bothCgz andT) eventu-

shown in Fig. 4 for samples withCg=1.7xX10'— ally results in wave-function overlap becoming sufficiently

1.2x 10?2 cm™3. All curves shift in a systematic manner with large that direct tunneling, or hopping, of carriers between
increasingCg. For clarity, data are plotted from only nine states is a significant component of the overall sample con-
samples in order to illustrate the primary trends. A data seductivity. Mott and co-worker§"*8 developed a straight-
listing p. values for all samples at 77, 150, and 300 K isforward prescription for characterizing the metal-
given in Table I. semiconductor transition. The hydrogenic doping mddel,
Three distinct carrier regimes are visible in Fig. 4: theaccounting for the dielectric constant of the host mat¢8al
itinerant-hole semiconductor regime at l&@, the metallic  in this casg and the carrier effective mass, is used to
regime at highCg, and an intermediate mixed-conductivity estimate the Bohr radius and, hence, the volume
mode. Near room temperature, the curves from the threé=1.2x10° A®) “occupied” by holes bound to acceptors.
lowest doped samples in Fig. 4C§=1.7, 3.6, and The Mott transition is then defined to occur whpg,. be-
13x 10" cm™3) are in the exhaustion region in which all comes sufficiently large that bound hole wave functions,
acceptor states are ionized gng=Ng . In the carrier-freeze- whose spatial extent is defined by the above volume, just
out region at temperatures between 75 and 75 Kp, ini-  begin to overlap. Using Mott’s criterion, acceptor state over-
tially decreases with decreasing temperature with a slopp becomes significant whep,.=8x 10" cm™3. This is
equal to—Eg/2k in which Eg=45 meV (Ref. 6 is the B consistent with our experimental results in Fig. 4 where
acceptor ionization energy in Si. With further sample cool-samples withCg=5X 10'® cm™2 exhibit very little carrier
ing, pe reaches a minimum and then increases again due tseeze out. At even higheCg, the valence-band tail ad-
hopping conduction through impurity states in the gapor ~ vances into the gap sufficiently that it overlaps with the
samples withCg>4x 10" cm™3, the slopes of the, vs 1T broadened impurity band.
curves in the carrier freeze-out regime become progressively As noted above, the acceptor ionization energy decreases
shallower with increasingCg showing that the energy re- Wwith increasingCg for films with B concentrations greater
quired to excite holes from the acceptor states to the top dhan approximately # 10" cm 3. This should result in
the valence band is decreasing. This, as described in mog(300 K)=Ng=Cg, assuming complete electrical activa-
detail below, is primarily due to tailing in the valence bandtion, within experimental uncertainty. The data in Fig. 4 and
resulting from the increased hole density and the randonfable | show that it is indeed the case for layers with
spatial distribution of acceptors. The impurity states broaders 2 10'8 cm™3, However, for films with higher B concen-
as well, however this effect is negligible compared totrations, p(300 K) values obtained from Hall-effect mea-
valence-band tailind® surements vary significantly frol®@g. That is, layers with
Experimentalp, vs T curves for all films withCg<4  Cg between %10 and 5x10°° cm 3 have p.(300 K)
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TABLE |. Effective hole concentrationg, and mobilitiesu obtained from temperature-dependent Hall-
effect measurements of GS-MBE(@01):B layers grown afl ;=600 °C with B concentration€g ranging
from 1.7< 10" to 1.2x 1072 cm 3.

Pe €M) pe(cm™®) peem™® PV ish uenmPVis ) w(en?Vvis

Cg(cm™® T=77K T=150K T=300K T=77K T=150K T=300K
1.7x10Y 2.4x10® 7.0x10% 1.8x10Y 1002 511 159
2.8x107 2.0x10% 1.4x107 2.9x10Y 912 484 150
3.6x10Y  7.7x10% 1.4x107 3.7x10Y 823 454 148
1.0x10"® 25x10 3.8x10Y 1.0x10% 323 253 107
1.3x10¥® 3.0x10° 4.0x10Y 1.2x10% 247 205 105
5.0x10%® 1.2x10%° 8.7x10%® 1.1x10% 59 102 87
6.0x10%® 1.7x10%° 1.1x10%° 1.4x10% 58 88 83
1.0x10*° 3.1x10* 2.9x10*° 3.0x10Y 63 65 69
3.9x10° 1.9x10° 1.9x10%° 1.7x107° 62 60 51
1.0x107° 3.5x107° 3.5x107° 3.5x107° 69 61 50
1.2x107°  3.7x10° 3.7x10°  3.7x10° 67 62 48
1.8x107° 4.6x10° 4.6x10°° 4.6x10° 65 59 46
2.5x107° 55x107° 55x10%°° 55x107° 65 59 46
45x107° 56x107° 56x10° 5.6x107° 52 51 37
7.0<107° 3.0x107° 3.0x10%°° 3.0x107° 46 43 42
1.6X10°r 4.8x10°° 4.8x10°° 4.8x10%° 46 43 41
2.7x10%0  6.5x10%°  6.5x10° 6.5x107° 25 24 23
4.2x1070  7.8x10° 7.8x10%° 7.8x107° 19 19 19
6.0x1071  9.0x107° 9.0x10%° 9.0x107° 12 12 12
1.0x10%% 1.2x10%* 1.2x10% 1.2x10% 9 9 9
1.2x107% 1.3x10°* 1.3x107 1.3x10% 8 8 8

values which are actually larger th&y by up to a factor of ~ creases, which is equivalent to an attractive exchange energy.
4. Each B atom can only contribute a maximum of one holeElectron-hole correlation effects shift the conduction-band
to the valence band. The excess increase in carrier conceadge down, while the hole-hole correlation effects decrease
tration results from increased thermal carrier generation duthe acceptor level ionization energy. A theory describing
to band-gap narrowing and associated changes in the DO&hanges in the band-gap energy due to hole-hole interactions
whenCg exceeds X 10'® cm2.%° and electron-hole correlations was originally derived by
Band-gap narrowing has been attributed to three primaryiaharf® and later confirmed by Sterne and Ink$8n.
causes? fluctuations in the local lattice potential due to the  Bennet?? developed a formalism based upon the work of
random distribution of acceptors, electron-hole correlationkjaudef? and Mahaf¥ to quantitatively account for each of
and hole-hole exchange effects. The first effect results in thghe apove effects in determining the net shift in the valence-
largest contribution to band-gap narrowing and gives rise tQnq conduction-band edges as well as the perturbed DOS and
band tailing with the introduction of new states in the gaPpence the effective intrinsic carrier concentrations,
while the latter two effects, listed in order of decreasing |m-Epie, as a function of doping density for both andp-type

portance, produce rigid shifts in the band edges. As the DOS; We have applied Bennett's treatment to our experimental

in the i”.‘p“”ty _ban_d in_creases, the band also broadens. H.OVYésults in order to obtain the actual hole concentrapioand
ever, this contribution is small compared to band-edge ta”m%enceN from the measured data. Calculatpg values
B . )

and can generally be ignoré¥A quantum-mechanical de- lizod to th d te intrinsi ! ;
scription of band-edge tailing due to spatially dependent dishormaiized 1o the hondegenerate Intrinsic carrier concentra-

tortions in the local DOS developed by Lax and Phiffend 10N Pi, initially increase withCg, due to band-gap narrow-
Frisch and Lloyd® was used by Klaud&% to derive an effi- INd, then decrease from a peak value of 4 @
cient computational algorithm to describe band-gap narrow= 7> 10'° cm™® with increasingCg as the valence-band tail
ing as a function of dopant concentration. begins to overlap with the B impurity band. Whély ex-

The electron-hole correlation energy arises from Coulomtseeds 5 10°° cm™3, essentially all transport is metallic and
screening of both the stationary acceptor ions and the minothe measured carrier concentration is again equal to the ion-
ity carrier electrons while the hole-hole exchange energy reized acceptor concentration. A calculated curve gi/p;,
sults from the Pauli exclusion principle, which states that ndased upon Bennett's formalism, is plotted@g in Fig. 5.
two particles can have the same set of quantum number§he calculation was carried out betweenx 80'® and
The exclusion principle gives rise, in addition to an electro-5x10°° cm™3, due to the simplifications used in the
static repulsive energy, to repulsion between two holes ofnodel®® and the results extrapolated to<20' cm2.
like spin. However, since the hole population has a random A comparison of ourCg values, determined by SIMS,
distribution of spin states, the overall repulsive energy dewith p., determined by Hall-effect measurements, shows
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_: -3
Cg (em”) C, (cm”)
FIG. 5. Experimental data and calculaisdlid line) ratio of the FIG. 7. Room-temperature resistivityas a function of B con-

room-temperature effective hole concentratigrto the total incor- ~ centration Cg in GS-MBE S(00D:B layers grown from
porated B concentratioBg plotted as a function o€g . pie andp;  SkHe/B;Hg mixtures atTs=600 °C. The solid line shows bulk Si
are the measured and non-degenerate hole concentrations, respdata taken from Ref. 45.

tively. The solid line shows the theoretical curve derived in Ref. 39'NeverthelessNB still continues to increase even up to the

highest-doped sample witBg=1.2x10??> cm 2 for which
that p.>Cg over the B concentration betweerx80'® and ~ Ng=1.3x 10?7 cm 2.
=5x10?° cm 3 (see Table)l The ratiop,/Cg is plotted vs
Cg in Fig. 5 and shown to agree very well with Bennett's C. Resistivity

39 0 -3
model:” We only plot data forCg=25x10*"cm = for Figure 7 is a plot of room-temperature resistivjfyas a

which we establish below, and in Sec. Ill E, that all B atomsg 00 of Cp for GS-MBE S{001):B. The results are equal

are ele;:trltg:ally act|vet. T?hus, alttr;]ouglh tth_e ellffect|;(e CaMehy or lower than, the best bulk Si:B ddfap decreases with
concentration is greater thdlg, the electrically active ac- - eagingC, to reach its lowest valup,,;;=300xQ cm at

ceptor densityNg remains equal to the B atom densil. Cg=2.5x 10°° cm 3, remains approximately constant over a

Figure 6 is a plot oNg Vs Cg over the entire B doping wide range inCg, and then slowly increases again. As dem-
concentration range, spanning more than four decadgs, ,.<trated in the above sectioBg=2.5% 10%° cm 2 is the

— 7 2 —3 i i
=1x10° 512>< 102b cm = TTelresths”shovy tha; B s In- haximum B concentration at which 100% of the dopant at-
corporated into substitutional electrically active sites at cony < are electrically active.

. 0 _3 . -
centrations up to 2.81C%° cm . For samples with higher B ™", resistivity is inversely related to the carrier concen-
goncentratlonsi,\l.B is mcreasmgly less tha@B asllarg(_er fra(_:— tration and the mobility through the relatiqn=(qpu) ~*.
tions of B are incorporated into electrically-inactive SiteS. The initial rapid decrease inp(Cg) for Cg=2.5
% 10?° cm 2 is controlled primarily by the carrier concentra-
2 g T T T T T tion since, as we show below, the room-temperature carrier
10 - GS-MBE SI(OO'I):B ] mobility changes relatively gradually witBg in this concen-
L Si,Hg/B,Hg . tration range. However, aLCg is raised above 2.5
2 - 0 ~m—3 i i ; i i
10*" E JgiHg = 22X 10" cm2s™ | X 10?° cm™3, an increasing fraction of the incorporated B is

* ] electrically inactive. Thusp increases much more slowly
- - T, =600°C . 1 while u continues to decrease with the net effect it g)
@ 1020 ~ - remains relatively constant over tli&; range between 2.5
- . X 107° and =2x 10?* cm 3. This has the practical benefit
Equilibrium RN ] that it provides a wide process window for fabrication of
- limit ———— B 14 ultralow resistivity Si layers for use in high-power and/or
i ] N current switching applications, local chip-level metallization,
18 . and active layers in bipolar and MOS transistors. Eventually,
107 F ot b 2] 3 asCg>2x10" cm 3, p increases as the local strain fields
i “s (:::n-a) R surrounding B atoms in the Si matrix begin to overlap and
A R BRI A S the atomic planes become sufficiently distorted to disrupt
10™ 10 10° 10 10?2 :2gg—range order and give rise to incoherent carrier scatter-
C (Cm-s) Representative temperature-dependent resistivity data are
B shown in Fig. 8. The curve shapes continuously shift from
FIG. 6. B-acceptor concentrationds determined from Hall- those characteristic of semiconducting itinerant-hole
effect measurements vs the total incorporated B concentr@jpn Vvalence-band conductivity at low-B concentrations to metal-
obtained from SIMS analyses of GS-MBE(@1) layers grown lic conductivity at high€g values. The initial decrease in the

from SiHg/B,Hg mixtures atT,=600°C. The inset shows the resistivity of layers withCg=1.7, 3.6, and 18 10'" cm 3 as
fraction N5 /Cg of electrically active B as a function & . a function of decreasing temperature is caused by a reduction

-
o
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©
I

1712,
10 10"
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FIG. 9. Room-temperature hole mobiligy as a function of B

FIG. 8. Representative data sets showing the resistjviag a concentrationCg in Si:B. The filled circles are experimental data
function of temperaturel for B-doped GS-MBE SD01) layers  [10M GS-MBE S{001):B layers grown from $Hg/B,Hg mixtures
grown from SiHg/B,Hg mixtures atT.=600 °C. Cg is the total atT,=600 °C, the open circles are bulk Si data taken from Refs. 45
incorporated B concentration. s and 46, and the solid line is an empirical curve from Ref. 47.

in phonon scattering. Howeves,increases again at tempera- tions, u remains approximately constant wi@g up to 1.6
tures below=175 K due primarily to a decrease in the hole x 10?* cm 3 (u=41 cn?V *s™%) for which the concentra-
concentration resulting from carrier freeze opfT) curves  tion of electrically inactive dopant atoms is K10*

for layers withCg="5 and 6x<10'° cm™?, corresponding t0  ¢m~2, This indicates, as discussed further in Sec. IV C, that
the intermediate conduction regime, display a mixed-modgne scattering cross section of inactive B is small. At even
semiconducting plus hopping behavior. They are semiconpigher B concentrations, however, the hole mobility de-
ductorlike in their temperature dependence near 300 K angreases rapidly £=8 cn?V ls ! with Cg=1.2x 107
metalliclike (i.e., no significanfT dependendeat low tem- cm )

peratures. Layers witBg=4x 10° cm " are predominantly Typical results foru vs T are plotted in Fig. 10 for rep-

metallic, resentative layers with B concentrations ranging from
As Cg approaches the metal-semiconductor transition, thci_7>< 101 t0 4.2 10°* cm 2. 14(T) data for the complete set

low-temperature resistivity limip, changes very rapidly. - samples are listed in Table I. The curves in Fig. 10 for the
Figure 8 shows, for example, thag decreases by more than three lowest doped layersC '_1 2 36 and iX 107
. . 8 B— &1, g}

two %Egers,ogf magn_|tude e@B_mcreases from 18 ;01 to cm 3, are in very good agreement with published curves for
5X10*° cm . As discussed in the previous section, Whenbulk p-type Si%=2 ,(T) initially increases with decreasing
the B concentration becomes high enough that the accept?émperature f.oIIovﬁng a negative power-law dependence
states begin to merge into an Impurity band, the Ioc_al DOSOver this temperature range, the mobility is primarily limited
ano! hence the samplg co_r1duct|y|ty, increases rapidly. Th y phonon, ionized-impurity, and hole-hole scatterii@he
rapid rate of decreasg pp with C*?.'S d.ue to the fact that thg power law exponent decreases with increasing carrier con-
state-to-state tunnelmg probablllty Increases eXpongnt'a"\éentration due to increasing contributions from ionized-
W.'th degreasmg tunne_zllng distance. "? the.fully metallic re'impurity and hole-hole scattering. ABis decreased below
ggg’mgf'laﬁ Ser;o:r\:z,nggf&%egnn?—gt Wltichle%{szs t\t]vﬁth@ﬁ 100-150 K, the negative slope of the vs T curves de-
creasin 9 ’ P creases and eventually changes sign as hole carriers continue

INgCsg . to freeze out and neutral impurity scattering dominates. Hole

D. Hole mobilities

Room-temperature hole conductivity mobilitigs, de- 1000 ¢
rived from measured Hall mobilities using the relationship '
n=uy /vy with a Hall scattering factoty=0.75, are plotted
in Fig. 9 as a function of B concentration. The conductivity
mobility was used in order to directly compare the results
with literature values for bulk Si:B. Figure 9 shows that the
present mobilities are equal to, or greater, than the best bulk
datd>*® and are in good agreement with an empirical rela-
tionship(solid line) developed by Caughy and Thorfidand o0
refined by Thurbeet al*’ x ranges from 190 cAV 1s?! %0 T 120
with Cg=1.8<10" cm™3 to 47 cnfV is ! with Cg (K)
=2.5x10° cm®, the limit of complete dopant electrical  FiG, 10. Representative data sets showing the hole mohility

activity. _ _ as a function of temperature for B-doped GS-MBEOSL) layers
As B concentrations are increased above x216%° grown from SjHg/B,Hg mixtures atTs=600 °C. Cg is the total

cm 3, corresponding to decreasing activated dopant fracincorporated B concentration.

K (em*V's™)
g

ot/ . o 4.2x10%
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o rADE oAt S obtained with an open detector, of the Si substrate and Si:B
r GS-MBE SI(OMF)“'mB ilzrfégétl%: layer. The film is 6500 A thick withCg=2.5x10?° cm3
SiBO04) © 3 and was grown at 600 °C. Finite-thickness fringes, which
E arise due to interference of diffracted waves scattered from a
finite number of lattice planes, are observed in the region
between the substrate and layer diffraction peaks. The
fringes are a measure of the high structural quality of the
3 alloy layer and indicate that lattice planes and interfaces are
42x102"3 uniform and flat*®

Substrate
Si(004)

(@) Cq = 2.5x10%° omi®

(b)

Intensity (arb. units)

! ! . I A simulated 004 HR-XRDw-26 rocking curve, calculated
34.5 34.6 4.7 34.8 based upon the fully dynamical formalism developed by
®-20 (degrees) Taupirr® and TakagP! is shown in Fig. 1(b) for compari-

son. The simulation was carried out assuming a perfectly
planar and coherent film/substrate interface and interpolated

centrationCg=2.5X 10?° cm™3; (b) a fully dynamical simulation e_lgsélg Ct)/njta_nts. gBogllj)r-fgiﬁ segregtahtebs Vé'tg |\E/l|r|l3|§ r}thalpy of
assumingCg=2.5x 10°° cm™3, no strain relaxation, and perfectly 29 EV auring -5 Tiim growth by ©5- rom

uniform flat lattice planes; andc) a GS-MBE Si001):B layer BZI-_|6/S|2H6. This reSl_JIts in the formatlon of a B—deplete.d
grown atT,=600°C with Cg=4.2< 1% cm . region between the film/substrate interface and the film

thickness at which a steady-state dopant incorporation rate is
mobilities at 77 K vary from 980 cRW Ls! with Cg achie\_/eoﬁ.2 The B-depletion zone slightly increases the scat-
=1.7x 10 cm3 to 250 cnfV ls ! with Cg=1.3x 108 tered intensity in thev-26 region bet\{vegn the layer and sut_)—
cm3 strate peaks. We accounted for this in the XRD simulation

: - sing a linearly graded B-depleted layer which is, based
Witﬁtéecrgﬁ(?;t#;?iir?::OV—e51>? golfé ::% tg(olzagn Cﬁ:]e,i ";ule:zla% 1dJupon SIMS depth profile results, 300 A thick. The measured
B_ 1

the metal-semiconductor transition, exhipi(T) behavior and simulated curves in Fig. 11 are in excellent agreement
L o L ' with respect to the positions and intensities of both the Bragg
which is qualitatively similar to that of the lower-doped

. . . - v~ peaks and the finite-thickness interference fringes. From the
samples. However, in this B concentration range, ionizeds. . . )
. . i . fitted curve, we obtain, assuming Vegard's rule, a dopant
impurity scattering becomes more important and the transi-

. : . ) ~~'concentration ofCg=2.8x10?° cm 3, which agrees well
tion from scattering dominated by phonons to impurity- with the SIMS value of 2.5 102 cm3
dominated scattering shifts to higher temperatures. With Figure 110) is a HR-XRD -2 scan from a 6500-A-

further reduction inT, carrier mobilities decrease and then _, . . _ o . _ 1
saturate below=50 K as impurity-band hopping conduction, thr:]c,'é S%‘ﬁelﬁglgiigéorﬁgfgg;t?gf aﬁ dV\t”rEZ ?jl_vcljé 1332 half
which is only weakly temperature dependent, increasing| maximum intensiyT,. ., have increased from 235 and 25

controls carrier transport. ; . -
P arcs to 674 and 69 arcs, respectively, while the finite-

Samples withCg above 4x 10'° cm™2 appear completely & ) .
metallic. Since the Fermi level is now well within the va- thﬁgﬂgiisnérmges have almost disappeared due to surface

lence band, carrier freeze out is no longer observed and im° Figure 12 shows typical high-resolution reciprocal lattice
ri rin min Il temperatures. Th rrier o X X
purity scattering dominates at all temperatures us, ca emaps around the asymmetric 115 Bragg reflection from Si:B

mobilities for these layers exhibit little temperature depen-

. . _ o 1 73 .
dence. 77 K hole mobilities in this dopant concentrationf'lmS with Cg=2.5x10% and 4.2<10°" cm®. Diffracted

range vary from 62 cAV ~1s ! with Cg=4x 101° cm 3 to intensity distributions are plotted as isointensity contours as
8 eV Ls ! with Ca= 1.2x 1072 Cm_gB a function of the reciprocal lattice wave vectdgsparallel
B_ . .

andk, perpendicular to the surface. For all samples, includ-
ing the two ultrahighly doped films shown here, the substrate
and film scattering distributions are nearly perfectly aligned
A combination of HR-XRD, reciprocal-lattice mapping, in thek; direction indicating negligible in-plane strain relax-
TEM, and XTEM was employed to examine the microstruc-ation. From high precision measurements, the degree of
ture, crystalline quality, and strain-state of GS-MBE strain relaxation is<1x 104, near the instrument detection
Si(001):B layers as a function ofCg. High-resolution limit 2 X 10 %, for all samples. Thus, the in-plane(®1):B
reciprocal-lattice mapping is more sensitive than TEM to thdattice constants,=5.4310+0.0002 A are equal to that of
initial stages of film relaxation through misfit dislocation bulk Si. The vertical separation between the film and sub-
generation. The resolution for detecting changes in film/trate diffracted intensity distributions increases with in-
substrate lattice-constant misfit in the present high-resolutiodicating a tetragonal distortion. For the two layers corre-
mapping measurements is2x 10 ° corresponding to an sponding to the data in Fig. 12, =5.4180 A for the film
average dislocation separation of &fn. In contrast, direct with Cg=2.5x10?° cm 2 and 5.4055 A withCg=4x 10?1
observation by TEM is limited to dislocation densities cm 3.
=5%x10° cm™! or changes in residual in-plane stress Full width at half-maximum intensity values of the scat-
=10 *. All films, even those with the highest-B concentra- tering intensity distributions along the, «-26, and in-
tions,Cg=1.2x 10?2 cm™3, were found to be completely co- plane || directions from the Si:B film in Fig. 12) (Cg
herent with the substrate. =25x10°°cm™3) arel' ,=12 arcs,I",,.,,=38 arc s, and
Figure 11a) shows a typical overview 004-20 scan, [I';=10 arcs. The square root of the sum of these parameters

FIG. 11. High-resolution x-ray diffraction 004-260 scans from:
(a) a GS-MBE S{001):B layer grown afT ;=600 °C with a B con-

E. Film microstructure and strain
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GS-MBE - GS-MBE Si(001):B
Si(001 ):B S 411 543 SviZHG/BZHﬁ v
10 Si,H./B,H; sy SR A - ]
' T,=600°C k 110 ~ 542} B v Tg=800°C ||
—~ 8t Si:B (115) {9 °E% *b s T, =550°C
e A . © ZBE‘D e T,=600°C
<L g | 1 54112500 o Vegard's rule | ]
<+ cm L]
O 4L
~ 540 o e
S
20 0. 3 6 9 12
0} C, (10" em?)
27 FIG. 13. The lattice constaiat, along the growth direction as a
C, = 2.5x10% 4.2x10*'(cm™) function of B concentratiorCg for GS-MBE S{001):B layers
L L o/ a 1 L L grown from BHg/Si;Hg mixtures afl ;= 550, 600, and 800 °C. The
2 0 2°-20 2 4 solid line shows Vegard's rule based upon a linear interpolation of
k'I (1 0* A1) diamond cubic Si and B lattice constants.

FIG. 12. High-resolution 115 reciprocal space maps from.

Si(001):B layers with B concentration€g of (a) 2.5x107° cm 2 in Sec. I(IJI B _Ssho""'f‘g that. for 690 c f||m§ WithCg
and (b) 4.2x10? cm 3. Successive isointensity contours corre- >2.5x10%° cm?, an increasing fraction of the incorporated

spond to 22000, 5000, 500, 80, 30, and 10 counfs She inset B resides in electrically-inactive sites. A detailed analysis,

shows a detailed view of the layer peak (i) with isointensity ~ including an analytical model describing tee(Cg) data in
contours corresponding to 80, 45, 23, 7, and 2 counts s Fig. 13, is presented in Sec. VI A. Note, however, that the

behavior of theT;=800°C films is clearly quite different,

I', provides the best metric for comparing peak widths indewith C} reduced to 5% 10'° cm ™3,
pendently of peak shap@® For this layer,I';=41 arcs, Five ultrahighly doped GS-MBE 8101):B layers grown
which is near the minimum theoretical value for this alloy, at T,=600 °C with fully electrically active B concentrations
21 arc's, calculated based upon the intrinsic peak width, €g=2.5x 10?° cm 2, well above the report&d® equilibrium
arc s while accounting for strain broadening due to latticesolid-solubility limits, were annealed in UHV at 600—
constant mismatch and finite thickness effé€teeak-width 1100 °C for times ranging up to 12 h. HR-XRD, reciprocal-
values for the substrate diffracted intensity distribution inlattice mapping, and Hall-effect analyses of the annealed lay-
Fig. 12a are: I',=13 arcs, I',,4,=22 arcs, I ers showed that they remained fully coherent and all
=11 arc s, with[’;=28 arc s. The similarity in film and sub- incorporated B still resides in substitutional sites. This sug-
stratel” , values indicates negligible film mosaicity. gests that the reaction path leading to B incorporation in

IncreasingCg to 4.2< 107! cm2 [Fig. 12b)] causes the electrically inactive sites proceeds through surface rather
peak separation to increase in thedirection while the film  than bulk sites and that, once incorporated, the inactive spe-
remains coherent with the substrate. For this layley, cies are frozen in the lattice <600 °C.
=1025 arcs [,=8.3, I',.2,=102, and I')=6.1 arc $ Plan-view 001 bright-field TEM micrographs of GS-MBE
while I'; for the substrate is 22.6 arcd' (=10, I',,, Si(001):B layers grown atT;=550 and 600 °C withCg
=18.7, andl',=8 arc$. I',,, for the film peak is now an <1x10?° cm 2 are completely featureless. An example is
order of magnitude larger than the corresponding substrateresented in Fig. 14) for a film with Cg=1x10%° cm™>,
value. However]', andT', remain near their minimum the- The selected-area electron diffraction pattern shown in the
oretical values, indicating lack of significant mosaicity. Fur-inset was obtained near th@01] zone axis and consists only
thermore, the integrated 115 Bragg intenditys from the  of single-crystal reflections with symmetric intensitied.01
layer peak is weak and the diffuse scattering intensity aXTEM images also show that the films are highly perfect
angles away from the Bragg peak is high. Thus, we interprefisee, for example, Fig. 14)] with 111 lattice fringes, which
the largel’; value from the layer as signifying the presenceare continuous across the film/substrate interface.

of large variations in the local microstraiwhich, at these Similarly, TEM and XTEM analyses of films with even
high-B concentrations, causes severe lattice-plane bucklingigher-B concentrations, up to the highest value gro@g (
distortions which reduce the 115 peak intensity. =1.2x10%? cm3) were found, in agreement with HR-XRD

Since all Si:B films are fully coherent with their substrate, results, to be free of misfit dislocations and B precipitates.
a, —plotted in Fig. 13 as a function &g for layers grown  The latter result indicates that B clusters, if present, must be
at T;=550, 600, and 800 °C—is a direct measure of the tesmaller than=50 A. However, fims withCg=2.5x 10?°
tragonal strain associated with B-dopant incorporation. Them™3, in contrast to lower-doped layers, exhibit mottled dark
curves show an initial linear “Vegard's rule” decreasean  contrast similar to that reported for ultrahighly B-doped Si
with increasing B concentration, but deviate significantly (Cy=3.5x10?°° cm™3) grown by solid-source MBE® Fig-
from linearity whenCy exceeds a critical valu€g , which  ure 15 is a typical XTEM dark-field image, acquired using a
is =2x10%%cm™2 at T;=550°C and 2.%10°°cm 3 at g=004 diffraction vector, of a GS-MBE Si:B film grown at
600 °C. The latter is consistent with transport measurements,= 600 °C withCg=3x 107! cm 3. The image is represen-
(Figs. 7 and ® and Ng vs Cg results (Fig. 6) presented tative of the entire sample, based upon over 100 fields of
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A S e ‘i;B,Fi{m“‘b
3000 A ... Substrate

FIG. 16. RHEED patterns from GS-MBE (8D1):B layers
grown at T,=800°C with B concentrationsCgz of (a)
3x10%° cm 2 and (b) 3x10% cm™2. (c) Dark-field 011 XTEM
micrograph, acquired using the 004 reflection, of a B-doped GS-
MBE Si(001) layer grown at T4,=800°C with Cg=3
X107 ecm™2,

% Film
= Substrate

[110]

FIG. 14. (a) Plan-view 001 zone axis TEM micrograph of a
GS-MBE S{001):B layer with B concentration Cg=1
X 107° cm™ 2 grown from SjHg /B,Hg mixtures atT ;=600 °C. The
inset is a 001 selected-area electron diffraction patté¥nHigh-
resolution XTEM micrograph from a GS-MBE @®D1):B layer
grown atT¢=600 °C withCg=2.5x 10?° cm™3.

view. The film, even though it contains contrast variationsat angles of 25.2° with respect to the surface normal and
: ' 9 signifying the presence of 113 facets, are visible emanating

The contast arees from the enormous covalentradius misf T (e (0P and bottoms of both fundamental and halt
rder diffraction rods. At still higher-B concentratiorSg

— 0, 1 Qivi 1 1
32%, between B and Si giving rise to large local atom|c>1021 cm 3 [Fig. 16b)], three-dimensional transmission

displacements of matrix atoms surrounding the B atoms in,. : SN
e . . . 2 diffraction patterns, indicative of an extremely rough surface,
randomly distributed Si lattice sites. This, in turn, causes N
ere observed af;=700°C.

destructive interference among diffracted electron beams and o . . .
. . ) . . T An XTEM 110 dark-field image, acquired using a diffrac-
results in reduced image brightness, particularly in dark f|elc1ion vector g— 004, from a 9000-A-thick layer grown at

imaging conditions. 800 °C with Cg=3x 10?* cm2 is shown in Fig. 16&). The

While all layers grown af ;<600 °C exhibit smooth sur- . :
- surface undulations have a wavelength=af800 A, with an
faces as in Fig. 15, we observe, by both RHEED and XTEM’average height of 400 A. The slope of the facet surfaces is

i ing i 9
extensive surface roughening in layers wil>5x 10 =25°, consistent with their being 113. XTEM micrographs

cm grown atTs=700°C. Pyramidal surface structures show that layers exhibiting significant surface roughenin
bounded by smooth 113 facets develop with increasing layer Y 9 slg 9 9

. . ; . ; also contain a large number density of dislocation loops and
g;g:rlfge;[slllli)l]ggirreec]:(t?gr:so?‘ tgpé%%lol?gfh?g( r?égejgr.lBotl)at;::red 111 stacking faults. These are clearly evident, for example,
. - o bright contrast features in the dark-field XTEM micro-
rown at 800 °C withCg=3x 10?° cm 3. Streaks, inclined 2> =
g . graph in Fig. 16éc). Based uporg- b analyses, the loops are
E)mposed of 60° dislocations wiifi10 Burgers’'s vectors

b. The loops are not directly responsible for appreciable
strain relaxation since they do not form misfit dislocation
segments at the film/buffer-layer interfat®eNevertheless,
Fig. 13 reveals that the degree of strain in ultrahighly doped
Si(001):B layers grown with Cg>5x10"cm 3 at T,
=800°C is relatively low compared to similarly doped
600 °C films.

The dislocation loops are similar to those observed in an-
nealed B-implanted Si wafeéfSwhere the loops form when
implantation-induced-interstitials condense during subse-
quent annealing. Transient enhanced diffusidf(TED) of
B occurs during annealing in the presence of Si self-

FIG. 15. Dark-field 011 XTEM micrograph, obtained using the interstitial concentrations estimated to be as high as
004 reflection, of a B-doped GS-MBE (801 layer grown atT, ~ 10'° cm 33" TED is associated with B cluster formation in
=600 °C withCg=3Xx10?* cm3, bulk Si through the formation of fast-diffusing substitutional-

.. 1000 A

Substrate
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Blinterstitial-Si complexe's which can interact with substi- '
tutional B atoms to form split-substitutional B pairs and pos- 543

GS-MBE Si(001):B

sibly larger clusters'*8 (in all cases smaller than the TEM Si,Hg/B,Hg
resolution limit, =50 A). In the present experiments, we . T,=600°C
show in Sec. IV A that the B pairs impart a small compres- L 542r T
sive in-plane strain on the @02 lattice. Thus, nanoscale B < I 20

clustering via TED combined with B decoration of disloca- . _2-5’;‘11.9 1

tion loops anq stacking feults during grpwth at high tempera- e Experimental data

tures results in reduced in-plane tensile strain and electrical Calculated. eqn. 4

activity in ultrahighly doped films. N achdventd the ) qé' ——
0 1 2

C, (10” cm™)

IV. DISCUSSION

. . FIG. 17. The lattice constaat, along the growth direction as a
We have shown that during GS-MBE 0f(801:B from function of B concentratio€g in GS-MBE Si001):B layers grown

S_iZHG/B?HB mixtures, B is incorpora’{ed into eleetrically aC from SiHg /B,Hg mixtures atT,=600 °C. The solid line was cal-
tive lattice sites via a thermally activated reaction path for

. . culated using Eq(4).
concentrationsCg up to C§ . The incorporated B strongly

segregates to the eecond layer where t.he steady-state COVEJisich the inactive dopant concentrationCd—Ng) is
agedg increases witlCg to reach saturatiorfg ,—=0.5 ML, 4.8X 107° cm3(Ng/Cg=0.3), demonstrating that electri-

whenCg=Cp . At T4=600°C, Cj is 2.5% 10%° cm ° and cally inactive B has a small charge scattering cross section.
0 sar0ccurs with an incident flux ratidg i /Jsin, 0f 0.25. Ag Cy is increased further, however, the film resistivity in-
With further increases in the flux ratio, segregated B in ex-creases and the hole mobility decreases rapidly indicating the
cess offg st goes to the first layer where it affects the reac-onset of an additional carrier scattering mechanism which,
tion path of subsequently adsorbegH3 and results, as dis- based upon HR-XRD and TEM contrast analyses, is strain-
cussed below, in the incorporation of nonelectricallyinduced disorder.
active B.

Cg increases linearly withlg 1y /Jsi 4, Up to a ratio of A. B-induced strain and microstructural changes
0.25 atT,=600°C, and more rapidly at higher flux ratios.
Over the linear rangeCg is equal toNg, the electrically
active B concentration, while at higher total B concentra-

Tensile strain in Si associated with B doping at concen-
trations above=5x 10" cm 3 is quantitatively measurable
by HR-XRD. The rate of change in the macroscopic strain

tions, Ng becemeﬁ protg?]ress(;vely smaller th@?' H.::EX?D state provides useful insights regarding the lattice site, as
measurements show that decreases linearly witg Tor =\ o 55 the ensemble, into which B is incorporated. In Sec.

values<Cg while at higher B concentrations, there is & £ "we showed using high-resolution reciprocal lattice
discontinuous change & (Cg) and the curve becomes non- 455 gptained from asymmetric reflections that all films re-
linear. The sum of these results indicates that for film growth i, fully commensurate, even up to the highest B concen-
conditions giving rise to total doping concentrations aboveyations investigated, 24 at. %. The in-plane Si:B layer lattice
Cg, B incorporation occurs through at least two parallel re-constants are identical to those of the Si substrate within one
action paths. part in 1¢. However, as shown in Fig. 17, the out-of-plane

For most commorp- and n-type dopants, including Al, |aice parameten, decreases linearly witEs, consistent
Ga, P, and Sb, the electrically active dopant fraction progresy;;i, Vegard's rule, demonstratingogether with the com-

sively decreases as the total doping concentration is ingineq SIMS and Hall-effect results in Fig) éhat all B is
creased above the kinetic solubility liniftThis is due to the incorporated into electrically active substitutional sites for

formation of precipitates, which, once nucleafced, actas Sinl_(éoncentrations up t6% . The data in this range are very well
for dopant atoms and thus decrease the doping concentration  wh the expressio%

in substitutional Si site?’ In the present case, however, the
electrically active dopant concentration continues to increase
even though the active fraction decreases dramatically.
Moreover, extensive TEM analyses, in both low- and high-for which ag; is the bulk Si lattice paramet¢5.4310 A and
resolution modes, of samples witbz>C§ reveal no evi- N is the active B concentrationg, the strain rate coeffi-
dence of B precipitates, implying that, if present, they mustient, is given by
be in the form of smal(<50 A, the TEM detection limit for
low-Z elements dispersed nanoclusters.

Temperature-dependent Hall measurements carried out on p=
layers grown withCg<C} at T¢=600°C demonstrate that
hole mobilities are equal to, or better than, the best bulk Si:B  vg; and ng; in Eq. 3 are the Poisson rati®.278 and
values up to the highest doping concentrations reported andtomic density (5 10?2 cm~3) of Si while ag is the lattice
for layers with higher concentrations, equal to theoreticakonstant of diamond structure B4.10 A) calculated
values. Moreover, the room-temperature hole mobility re-using the B tetrahedral covalent radius, 0.88°/Substitut-
mains essentially constant even @g is increased almost ing these terms into Eq(3) yields a value forg of
an order of magnitude above€} to 1.6x10%1cm 3 for  —4.02x10 22A cm?® in very good agreement with the best

a, =ag+ BNg, (2

1+ Vsg;j
1—- Vsj

ag—ag;j

()

Ns;
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fit value in Fig. 17 of—4.5x 10 2A cm®. The experimen- three cases(1) all B pairs aligned along thg001] growth
tally determined value of8 was used to calculate the Si-B direction, (2) all B pairs aligned in-plane and distributed
bond lengthrg g=2.04+0.02A following the procedure equally along[100] and [010] directions, and(3) B pairs
outlined in Appendix A. The result is within the range of that distributed randomly in the three orthogonal directions. The
reported by Weiret al,® rg.g=2.0-2.1 A based upon an results yieldrg,g  =1.70, 2.18, and 2.010.04 A, respec-
analysis of glancing-angle XRD patterns obtained from artively. FSiByq for case(1) can be dismissed immediately
ordered S001):B monolayer containing 0.5 ML of B. since it is 15% less thamg.g and therefore unphysical.
As Cg is increased above€y , a, continues to decrease, rg . for case(3), however, is in agreement with total en-
but at a slower rate, anal, (Cg) becomes nonlinear with B erg;agalculations for randomly align€d00 B pair®? sug-
mcorporated intdothelectrically actlve_and inactive sites. A gesting that non-electrically active-B is incorporated into
comparison of the, vs Cg r%Iatlclrlsmps forCg oless than G5 MBE S{001) as B pairs in substitutional lattice sites in
and greater tha@ =2.5X 10%° cm atTs=600°C shows \yhich the B-B bonds are distributed equally along the three
that while the incorporation of electrically active B results in oype axes. This is consistent with the continued increase,
purely tensile in-plane strain, electrically inactive B in the although at a slower rate, iNg with increasingCg>C%

corglgur?téonlglvefs rnse tg compression. | TEM | __through parallel B and B-pair reaction channels. The B pairs
etailed plan-view and cross-sectiona analyses, Ny ouid have ars p?-bonded trigonally-coordinated symmetry
cluding h|gh—re§olutlon, were carried out on representativg, agreement with our near-edge x-ray absorption fine struc-
samples spanning the entire B concentration and growt ure measuremenf$. Moreover, B is trivalent and should

t:gg(eéa[t)ture Irtan%ﬁs mvestlgate% ConS|fstent . ‘{‘;'t? th'?herefore be electrically inactive, as we observe experimen-
) results, theré was no evidence of precipitates o'ially, due to being bond saturated in this configuration.

misfit dislocations in any sample. For layers with Dark-fieldg= ; ;
0. 3 L . ) - g=004 XTEM micrographs obtained from lay-
Cp=2x10?°cm™3, the Si:B film/buffer-layer interface is es- ers with Cg=2x 10%° cm 3, while free of precipitates and

sentially indiscernible, even under dark-field imaging condi- ;¢ dislocations, exhibit a mottled dark contrast with re-

tions. ; : . .
. . L spect to the substrat&ig. 15. Correspondingly, increasing
The _fuII. s_et OtLai(C.B)t dtataﬁ.|?]c_lud|r;g t%ef.k'rt”é'n.thet Cg in this concentration range results in HR-XRD Bragg
gurye S|gn|fy|tn% e p0|”nda W.gcdmac '\r/]e Irs F'egT? g eaks from the film becoming broader and less intense as
the '”ggf{?ora‘;‘ ’ |sﬂ\1/ve ¢ ES(;I’I E ! ?S S (I)c\iNn inHg. L7 ore diffuse scattering is observed. Reciprocal lattice maps
e addition of another term to E(B) to yie show that peak broadening is particularly pronounced in the
_ _ w-26 direction indicating a wide distribution of interplanar
a, =asit fNg+ a(Cg—Ng). “) spacings. We interpret this as being due to lattice plane buck-
a, the inactive-B strain coefficient, is 4.0 24 A cm?. ling in the presence of a high concentration of localized

The fact that the entire curve, linear plus nonlinear portionsB-induced strain fields.

can be fit with a single value @i suggests that all inactive B _ S
is incorporated into a single type of configuration, whose B. Boron incorporation kinetics

size remains constant irrespective@ . _ We have previously published a detailed predictive
The value ofa obtained from Eq(4) and Fig. 17 was model, with no fitting parameters, for the deposition iRiaf
used to test potential B cluster bonding configurations. TEMgS-MBE S{001) as a function of incident S flux Js;

. 26
and electronic transport data rL_JIe out the presence of large gnd film growth temperatur®, .*® The model contains terms
clusters. Of the small cluster sizes that theory indicates may . .ounting for a stepwise reaction path including dissocia-
be stable—clusters with 2, 3, 6, and 12 atoni§!86263_ = g for a SIepwise b 9c

. : ! . tive chemisorption, a series of surface decomposition reac-
only B pairs are consistent with our measured strain behav- . . ) .
. S . - ; tions, and first-order K desorption from Si monohydride.
ior. This is in agreement with receab initio local-density

approximation calculation$;%2as well as tight-binding com- The SpH reactive sticking probabilitgs; 4, exhibits a small

putations employing the Stillinger-Weber potenffaiyhich ~ negative activation energfs~—0.16 eV, indicating that
predict that the most stable B clusters in Si are B pairs. Th&hemisorption is precursor mediated.
lowest-energy B-pair configuration is the split substitutional ~ The S{001) growth kinetics model was later extended to

in which the B-B bond is oriented along.00 with bond  Predict B concentrations incorporated fromkgj/B,Hg mix-

lengthsrgis  =2.01 andrgg=1.60 A 1862 tures during SD01):B deposition with Cgx 10'° cm 3,19
In a bulkpaclzrrystal such as was assumed in the above cafp2s chemisorption, in analogy with s results, is taken
! be second order in this concentration range and the reac-

culations, there is no reason to expect an anisotropy in th e AR . :
(100 orientations of B-B dimer bonds. A strained layer, tive sﬂckmg pro_bablhty IS therr_n_ally ac_t|va_ted,|nl|ke the
case for SiHg) with a small positive activation energ¥g

however, can induce a preferential B-B bond orientation,”* .
which, in the present case with the films in tension, would ™ 0.18 eV. Sgy, and S, were found to be independent

correspond to th€001] growth direction. Alternatively, the leading to the following simple expression 6%,

B-B orientation may be controlled by the reaction path of the

incorporating B pair such that its orientation is frozen before _ S8 HgIBHs

film strain can play a role. CB,calc——SSi I Nsi, 6)
We have computedsee Appendix A based upon the 2o T

strain coefficienix determined from Eq(4), the bond length  in which ng; is the atomic density of Si, 8102 cm 3. Fig-

FSi-B g between nearest-neighbor Si and paired B atoms foure 2 shows that the I@g) vs Jg 4 /Jsi, results obtained
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in the present experiments are well described by (Bgfor  data in Figs. 2 and 3, covering the entire range of
B concentrations up tcCg. Values for SSiZHG(TS) and ‘]BzHe/JSisz andT, values investigated in these experiments,

SBZHG(TS) were taken from Refs. 66 and 19, respectively.including that corresponding t6g>C}% , are very well de-

Note that the overall temperature-dependence for B incorposcribed by the combination of Eq<5)—(7) with Egg
ration in Eq.(5) enters simply through the difference be- =—0.23+0.04. Calculated results are represented in Fig. 3
tween the activation energies for B and Si chemisorptionby solid lines.
whereEg‘=Eg—Eg=0.34 eV. .

The Cg Vs 17T, data in Fig. 3, obtained witlg 4 /Jsin, C. High-temperature growth (T¢=700°C)
ratios ranging from 9.8 10" ° to 0.25, are in excellent agree-  The reaction path for B incorporation into Si at ultrahigh
ment with Eq.(5). That is, the slopes of these curves remaindoping concentrations becomes more complex at growth
constant yieldingeg°=0.34+ 0.01 eV. The reaction path for temperature§=700°C. This is most easily seen by com-
B incorporation into electrically active sites in this concen-paring results obtained d,=600 and 800 °C in Fig. 13. At
tration range proceeds through a B-induced ordex¢@ 4  the lower growth temperatures, all B atoms are incorporated
reconstruction in the second |aférwith a maximum cover- into substitutional electrically active sites at concentrations
age of 0.5 ML, which serves as the reservoir for B incorpo-Cg up toC§ (2.5X 10?° cm 2 at T,=600 °Q corresponding
ration into “bulk” substitutional sites. to the point at whichdg in the second layer reache@k 4

Figure 3 also shows thaEg® is no longer constant at =0.5ML. As Cg is increased abov€g with T4<700°C,
JBzHel‘]SizHe values=0.3. In this rangeEg° decreases con- excess B_segregates to the outer s_uﬁaaed_!owir_]g direct
tinuously, indicating the onset of a parallel incorporationincorporation of B in the form of electrically inactive clusters
path that is precursor mediated, and actually becomes negéiee discussion, Sec. [V)BThis occurs in addition t@but
tive for Jg . /Jsin=2. At the highest flux ratio used in not at the expense pthe continued incorporation of substi-
these expéri?neniﬁe /3w =3.0 EM reaches a value of tutional e_IectrlcaIIy.actlve B from the second layer. The

BoHg " “ShHg ™ =++r =B v overall B incorporation changes @t=700 °C, however, as

—0.06 eV.Jg 4,/ Isi,H,=0.3 corresponds to deposition con- g is found to reside in electrically-inactive sites whép
ditions, over the growth-temperature range 550—800 °C, fok ¢ ; that is, in the absence of B at the outer surface.
which B segregation results in second-layer coverage which For all growth temperatures used in these experiments, B
exceeddg ., With the excess B occupying sites at the outersegregation is in the equilibrium regiffeand, hence, the B
surface???3 segregation ratio decreases with increasigg Thus, the B

The inset in Fig. 6 shows that while the electrically active concentrationC} at which 6 reaches saturation increases
B fractionNg/Cpg decreases rapidly wit@g>Cjg , the total ~ with T,.% In addition, Fig. 2 shows that the degree of de-
(active plus inactive B incorporation rate increases as aviation from a linear variation inCg as a function of
function of Jg 4. /Jsi,n, (€€ insetin Fig. R The two results  Jg y, /Js; . decreases with increasifig . Both of these ef-

are correlated, and together with post-annealing data showects would favor higher electrically active B concentration
ing thatNg/Cg remains constant, indicate that electrically with a correspondingly higher strain @t=2800°C than at
inactive B is incorporated directly from the growth surface 600 °C. However, as shown by the results in Fig. 13, we
rather than forming in the bulk. Furthermore, the fact that weobserve the opposite. The B concentration at which both
observeNg/Cg to increase with increasingy is circumstan-  a, (Cg) andNg(Cg) become nonlinear and at which B be-
tial evidence that inactive B is chemisorbed directly as Bgins to be incorporated into non-electrically-active sites
pairs, i.e., BHg absorption kinetics become precursor medi-is reduced from 2%510°cm® at T,=600°C to
ated rather than thermally activated in the presence of susx 109 cm™3 at 800 °C.
face B. (If B,Hg adsorption remained second order and B A strong clue toward explaining the B incorporation be-
pairs formed via surface diffusion and recombination, therhavior at high-growth temperatures derives from XTEM mi-
we would expecNg/Cg to decrease witfTg due simply to a  crographgFig. 16,c)] showing that layers exhibiting signifi-
higher B-B encounter probability. cant surface roughening also contain a large number density
The total B incorporation probability can be expressed asf dislocation loops and 111 stacking faults. It is well docu-
the product of the individual incorporation probabilities for mented that the presence of dislocation loops of the type

electrically active BSg y;_, and inactive BSg Y, , where  observed in Fig. 1) indicate high-Si self-interstitial
concentration$®>®° The interstitials deactivate B acceptors in
SBZHGZ(ngHe)fa(sg-zas)(lffa (6) a TED-like clustering mechanism, as well as by inducing

extended defects that are subsequently decorated by B atoms.
andf, and (1—f,) are the measured fractions of electrically The injection mechanism for Si self interstitials at concentra-
active and inactive B. This leads to an expresgigge Ap- tions in excess of equilibrium values appears to be related to
pendix B for the overall activation energy.e., the slope of surface roughening. It is clear that this is not a purely ther-

the InCg) Vs Jg 1,/ Jsi,m, CUTVES in Fig. 3 given by mal effect since post-annealirigp to 1100 °C for 12 hof
100% electrically active B-doped ®D1) layers grown at
ElC— {f Eg+(1—f,)Egg}— Eg+K, (7)  600°C withCg=2x10*° cm* and smooth surfaces did not

result in any measurable loss in electrical activity.
whereEg_g is the rate-limiting activation energy for B incor- The above phenomena, including the formation of dislo-
poration as electrically-inactive B pairs on substitutional Sication loops, are not observed during growth of ultrahighly
lattice sites and is a temperature-independent constant. Alldoped Si001):B at T;<600 °C due to both thermal quench-
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ing and H-induced reduction of adatom surface mobilitfes. temperatured=500-850°C by GS-MBE from Sils and
Low-growth temperatures, with their associated high steadyB,H,. Cg increases linearly with the incident precursor flux
state H coverages, d_o not prov@e the thermal activation neGatio Jg  /Jsi,4, and, forT,< 700 °C, B is incorporated into
essary for the massive uphill diffusional transport of atomsy,,qit\tional electrically-active sites at concentrations up to
required for rougheningf At these temperatures, complete C% . For T,=600°C, C% is 2.5x 10%° cm 3. At higher-B
electrical activity is maintained for B concentrations up to 2" S 8B : '
concentrationsCg increases faster thaﬂBzHG/JSiZH6 and

*
Cs - there is a large and discontinuous decrease in the electrically
active fraction of incorporated B. However, the total acti-
vated B concentration continues to increase and reaches a

The quantitative agreement between the total incorporategalue of Ng=1.3x10?* cm™3 with Cg=1.2x 10?2 cm™ 5.
B concentratiorCg, obtained independently from SIMS and Resistivities are in good agreement with theoretical values to
HR-XRD measurements, and active B concentratidlizs C% for which pao0 =300 cm. Conductivity mobilities
determined from Hall-effect results atCg=Ng gre equal to theoretical maximum values tGg
<2.5x10?° cm 2 for GS-MBE S{001):B films grown at —1 gx10?* cm 2. HR-XRD and reciprocal space mapping
Ts=600°C indicates that all B atoms in these layers occupymeasurements show that all films are fully strained. No B
substitutional electrically active sites in the Si lattice. This iSprecipitates, or misfit dislocations, were detected by HR-
further substantiated by the good agreement in Figs. 7 and Qrp and TEM analyses, even in films wittCg
between our measurge(Cg) and u(Cg) results and theo- =7 2x 10?22 cm 3(24 at % B). The lattice constant in the
retical predictions. Room—.temperature hole mobilities werejm growth directiona, decreases linearly with increasing
found to be equal to maximum theoretical values up to thez_ yp to the limit of full electrical activation and continues
limit of 100% B activationCg =2.5x 10°° cm™>, andusook  to decrease, but nonlinearly, witg>C% .
remained essentially constant for B concentrations even up HR-XRD, SIMS, Hall-effect, and TEM data were used in
to almost an order of magnitude higher. This is consistentoncert to determine the nature and lattice site of electrically
with inactive B being incorporated as pairs on substitutionajnactive B. We find from TEM/XTEM analyses that B clus-
Si sites. Such a configuration is expected to lead to relativelyers must be smaller thas50 A, from HR-XRD that the
small carrier scattering cross sections since the defect is Nefacroscopic strain contribution per inactive B atom is con-
tral and resides on a substitutional Sitege ranges  stant, and from Hall measurements that the active B concen-
from 1608 to 47 tol 41108 cﬁV2 S _Sat Cg=1.7X10"  tration continues to increase even wheg>C% . These re-
2.5} 107, 1.6x10%, and 1.1 10° cm ?, respectively. sults indicate that B is present in small highly dispersed

While  pz00k remains approximately constgnt OVEr hanoclusters of constant size. Based upon a detailed analysis
the B concentration range betweer2.5<10°° and  of the out-of-plane $001):B lattice constants as a function
1.6x 107t cm 2 (Ng/Cp=1 to 0.3, it decreases abruptly at of active and inactive B concentrations, we show that inac-
higher B concentrations. The decrease is due to additionge B is incorporated as trigonally coordinated B pairs on

charge scattering resulting from the breakdown in long-ranggjngle Si sites and oriented with the B-B bond axis randomly
order due to the high density of randomly distributed localgjigned along001) directions.

strain fields emanating from lattice dilatations caused by B The fraction of inactive B decreases with increasing tem-
and B pairs residing on substitutional Si sites. The distribuperature indicating that the B pairing reaction is not diffusion
tion of Si bond lengths and angles becomes progressivelyontrolled. Furthermore, the B concentration as a function of
wider with increasingCg at these very high B concentra- Jg,1,/Isi,n, becomes superlinear whefl> g s, and the

tions. - net increase ilCy is essentially equal to the concentration of
Temperature-dependent hole mobilities were shown tg

) . - inactive B. These factors support direct B pair incorporation
vary smoothly from being characteristic of itinerant hole at the growth surface. During high-temperature growfh (
transport wherCg is less than<=3x 10 cm™3 to hopping 9 : 9 nig P 9

conductivity for Ca=3x 10%—10° cm3 to metallic at =700 °C), the situation is more complex. In addition to di-

higher concentrations. In the itinerant hole transport regimereCt B incorporation at the surface, B clustering in the bulk is

4 N . X mediated by large concentrations of interstitial point defects
w is primarily limited by lattice scattering near room tem-

perature and ionized-impurity scattering at low temperaturesgejtilglggcm,? deactivation during growth whay exceeds

As Cg is increased, the transition from phonon-dominated to B stronaly surface searedates to the second laver with a
ionized-impurity dominated scattering shifts to progressively rongly greg ! lay
higher temperatures. Witlty above 3x 10 cm 3, band- saturation coveragég sy Of 0.5 ML (corresponding taCg

. 1 _ * o 1 -
tailing significantly reduces carrier freeze out thereby in-— CB Ifor TS.<7EO 0. At lhlgherCB, h0‘3> 0%36“ ?]nd B I?C
creasing the number density of filled acceptor states sufficumu at(zsdln t et.upper ayer, as f 0_\|’_Vr:‘ y therma yf pro-
ciently to allow hopping conduction over the entire measure rammed desorption measurements. 1he presence ol upper

ayer B modifies the interaction of,Blg with the Si surface,

temperature range. This puts a lower limit on hole mobility. . ;
Further increases i€g> 10" cm 3 shifts the conductivity and opens a parallel reaction channel whereby B incorporates
into the metallic regime. as pairs which are elgctrlcally inactive but have a_Iow carrier
scattering cross section. Ag>2x 10"t cm™23 carrier mo-
V. CONCLUSIONS bilities begin to degrade substantially. This is correlated with
lattice plane buckling in response to local B-induced strain
Si(001) layers doped with B concentratioi®z between measured by x-ray diffraction as well as by TEM electron
1x 10 and 1.2 10°2 cm™ 2 were grown on §D01)2x 1 at diffraction contrast measurements.

D. Transport properties
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APPENDIX A tional B incorporation path which is precursor mediated and

' o results in the incorporation of electrically inactive B pairs in

The Si-B bond length in Si:B was calculated based uporsubstitutional sites. The overall B reactive sticking probabil-
the 5 value obtained from tha, (Cg) data in Fig. 17 and Eq. ity Sz ,, can be expressed as
(4) using the following procedure. The lattice parameter for a 2o
hypothetical zinc-blende-structure g8, 5 alloy, in which S =(Sg " )fa(sg'a Y- fa), (B1)

. . . . 2''6 26 2''6

every bond is between neighboring Si and B atoms, was
obtained by linear extrapolation of tike vsCg curve in Fig.  where SEZHG is the reactive sticking probability leading to

— — — 2 —3
17 1o Cp=Ng=Ns/2=2.5X 102 em 2. The tetragonally single B atom incorporationSa.y; is the reactive sticking
strained unit cell was converted to a cubic cell using the 276

Poisson ratio for Siys=0.278, and assuming linear elastic- Probability leading to B-pair incorporatiotf, is the electri-
ity. The cubic lattice parameter was then used to calculatg@!ly active fraction of incorporated B, and {¥f,) is the
the Si-B bond length given the 109.5° tetrahedral bond angldraction of B present in ghe form of B pairs. Whef
The result yields g.5=2.04 A. <0bpsan fa=1 andSg = Sy AS b exceeds 0.5 MLf,
The bond IengthSi_Bpair between nearest-neighbor Si and decreases exponentially with increasiDg (see inset in Fig.

B-pair B atoms was calculated using an analogous proced)- fa also depends on the film growth temperature through
dure. We determined, for a hypothetical ordered $iBo cs the B segregation rate. Thus, since we are in the equilibrium
alloy composed of Si and B-pairs as basis sets on substitfiegregation regim&, ¢ decreases with increasiig, for a
tional zincblende sites. This was done by extrapolatingdiven value ofCg resulting in an increase ify(Ts).

a, (Cp) to the value corresponding ©z=2Ng/3 with Ng _ T_he total fractlomB of B mcorporated into thg Sl lattice
=0. The tetragonal cell was converted to cubic as describel$ given by the ratio of the B to Si reactive sticking prob-
above. F S8 values were then calculated for different abilities,

B-pair bond-axis orientation distributions based upon the cu- S (SB . )fa(SBB y1-fa)
bic cell volume with a B-B bond length of 1.60 fRefs. 18 o 2o (TB2Me’ 7B (B2)
and 67 and trigonal Si-B-Si bond angles of 120°. Three ® S, (Ssipg)

cases were considered) all B pairs aligned with their bond _ ) _
axes along thd001] growth direction,(2) B pairs aligned E)_(trzgctmg the rate constants from the activated reactive
randomly along in-plang100] and[010] directions, and3)  Sticking probabilities yields

B pairs distributed equally in all three orthogoab0) di- (e(~Eo/KT))fa(g(~Epa/kT)) (1= 1a)

rections. In the latter case, a supercell of three unit cells was e(*EiE?C/kT)Oc (B3)
used. The results forsig are(1) 1.70, (2) 2.18, and(3) e(~Esi/kD) ’
2.01 A.

whereEg, Eg g, andEg; are the activation energies for in-

corporation of B, B pairs, and Si whileg°=(Eg—Eyg).

Taking the natural logarithm of both sides and rearranging
We have previously shown that B segregates strongly téerms, we obtain

the second layer during ®01):B film growth??2The pro- e

cess is well described by Gibbsian equilibrium segregation Eg = fa(Eg—Es)+(1—fa)(Egp—Es) +K

theory with a saturation B second-layer cog%rdggatof 0.5 —{f,Eg+(1—f,)Eppl—Eg+K, (B4)

ML and a segregation enthalpy 6f0.53 eV:° The bulk B

concentration Cg  corresponding 1o fg ¢, ranges from in which K is constant with respect to temperature.
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