PHYSICAL REVIEW B VOLUME 54, NUMBER 3 15 JULY 1996-I

Silicon spreading in 6-doped GaA<100):
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High-resolution electron-energy-loss spectroscopy was applied to analyze in detail the spatial distribution of
dopants ins-doped(Si) GaAg100 samples, molecular-beam epitaxially grown at 550 °C with different doping
levels and depths. The fitting of the measured energy-loss spectra, based on a smooth self-consistent electron-
density profile, reveals that at this growth temperature the silicon atoms are spread symmetrically around the
initial doping plane for the doping level dfis;=1.3x10'® cm™2 However, the asymmetry in the dopant
spreading becomes appreciable for the higher doped samplel\lg/ii%lfﬁxlo13 cm 2. In this case different
diffusion coefficients of the dopant atoms were assumed in the growth direction and backward from the initial
doping plane in order to obtain better fits to the measured energy-loss spectra. It was found that the damping
of the plasmon excitation§' changes versus a variation of the primary electron-beam ereggwith a
significant decrease for the lowest primary energy applied. The observed dependEnme &f is connected
with the dominant optical phonon scattering, mostly contributing to the plasmon damping at room temperature.
[S0163-182806)00427-4

[. INTRODUCTION late self-consistent electron-density profiles, whereas for the
high-doped structure the asymmetric Gaussian-shaped dop-
Using epitaxial deposition methods it is now possible toant distribution was applied. To take into account the disper-
follow the trend towards increasing miniaturization of de-Ssion of the quasi-two-dimensional plasmon excitations the
vices. As there are ever greater demands on the control #ng-wavelength approach of the Lindhard dielectric re-
materials preparation on length scales where quantum mé&PONse function was exploited.
chanical effects become relevant, preparation techniques op Further, we discuss the significant change of the plasmon

an atomic scale need to be developed. One important rél2MPing versus the primary electron-beam energy with em-

quirement is the ability to control the distribution of dopant phasis on the optical-phonon scattering mechanism of free
atoms in the grown structures. ele_lcf:]rons. inder of . tined as foll First
In this paper we study the dopant incorporation behavior d N re.rtr)1a|.n gr 0 I?l:; pgp?r_lls ofuthme as 1o OV,E’S‘I' Irst,
of Si into GaA$100 samples grown by molecular-beam ep- We describe In Sec. € detalls ot the experimental proce-
itaxy (MBE) with in situ high-resolution electron-energy- dures in our HREELS measurements. The effective-mass ap-
loss spectroscop§HREELS. This study has been motivated proximation that we adopted for a calculation of the self-
by investigations ofé-doped semiconductors by virtue of Cogtstgrti?]gt ;;S?éggr;d;nscl;ym&?gI?hslgggergz/lflgs;hipgg?;eis
iff hni -i : ; A
?él&rgn}_;e%;éggte;r;ss;:riogdeggulf enmergﬁ;;ngfggger?etéﬁmmarlzed in Sec. lll. The simplified three-layer model of
voltage C-V) profiling®~* and Raman spectroscop/In- the polar semiconductor, including the lattice vibrations, is

= idered in Sec. IV A to emphasize the main parameters of
vestigations by HREELSRefs. 13 and 14 demonstrated consi S
. o, - Cy 6-doped structures, which influence the HREELS spectra.
that this very surface-sensitive technique may provide infor- ect?on IV B contains the fitting results of HREELS spectra
mation on spatial donor spreading and free-carrier densit or low- and high-doped samp?les based on the syrﬁmetric
\?vrr?éllgzso;tgeﬁgiﬂnlugﬁeetssrrlwrént:gngcljcgggvgfamnfﬁgg ﬁﬁe{)ﬁ"?""”gu'ar'sr‘aped.a”d asymmetric Gaussian-shaped distri-
applying to the near-surface region ution of dopants with the inclusion of the spatial dispersion
. of the plasmon mode. We discuss qualitatively the competi-

In the present work we investigated-doped (S tion of different scattering mechanisms of the plasmon exci-
GaAd100 samples at different doping levels and dOplngtations. Finally, Sec. V briefly summarizes the present study.

depths by virtue of the surface collective excitatidaptical
phonons and plasmohsobserved in HREELS measure-
ments. The measured energy-loss spectra are fitted with theo-

retical spectra. We used the symmetric rectangular-shaped All measurements have been carried out at the Center for
dopant profile for the low-doped samples in order to calcuResearch in Surface Science and Submicron Analysis

Il. EXPERIMENTAL PROCEDURE
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(CRISS, Department of Physics, Montana State University, In order to obtain the electron-density profile we adopt the
5-doped(Si) samples of GaAs were grown in a Perkin-Elmer effective-mass approximation in the slab geométrje
MBE system. Semi-insulating Gaf€0) wafer pieces with consider a slab of GaAs with a thicknesdarge enough to
a size approximately 1 cml cm were used as a substrate, mimic a semi-infinite geometry of the sample. Then, the
which was sticked with indium on énolybdenum sample  electrons in the conduction band are treated as a free-electron
holder. Each sample contains a MBE-grown undoped GaAgas with effective mass*, and the positive background of
buffer layer of 0.4um thickness and a singlélayer at dif-  ionized dopants is presented by two Gaussians or rectangles,
ferent depths beneath the surface. placed at equal depths beneath both sides of the slab. These

During deposition of the Si atoms, GaAs growth was in-symmetric conditions greatly reduce the diagonalization time
terrupted, but the As shutter kept open. The growth rate foof the matrix of the Schidinger equation and do not influ-
GaAs was 0.27um/h for the low-doped samples 10 and 11 ence the final results, since we need only the electron-density
and 0.43um/h for the high-doped sample 17, obtained fromprofile on the left side of the slab. The band bending is taken
RHEED (reflection high-electron energy diffractipnscilla-  into account by placing two thin sheets of charge with areal
tion curves. The substrate temperature was 550 °C, theharge densitiedl ¥ andN () on the right and the left slab
As/Ga ratio of 8 was determined with a Quadrupole Masssurfaces, taken equal for the same reason mentioned above.
Spectrometer. The temperature of the Si effusion cell wa#dditionally, we impose the infinite barrier heights at both
1165 °C, which corresponds to a Si flux 0k10 cm™2s™!  slab surfaces to enforce the wave function of electrons to
known from the free-carrier concentration obtairfeith this  vanish just outside the slab. The latter boundary conditions
Si temperature and 0.42m/h growth rat¢ for homoge- are appropriate because the characteristic length scale of, at
neously doped GaAs samples from HREELS spectra. Thieast, a few tens of A is larger than the penetration depth of
s-doped samples have a Si-sheet-doping concentrhlipaf  the electron wave function outside the surfate.
1.3x10" and 610" cm™2 for low and high doping, respec-  We consider overall electrical neutrality of the sample.
tively. Thus, ifn(z) is the volume electron density at a degtlwve

Our MBE growth chamber is connected with the analyzerthave
via an UHV transfer system. That is of a great advantage to
avoid heatings-doped samples to 350—400 °C to decap an L
As-passivation overlayer, which certainly affects the initial Ntot= f ) Np(z)dz+2Ns,
Si-dopant profile. Our HREELS spectra as meastumesitu

show the original state of thé&-doped samples just after the whereN,,,=/tn(z) dz is the overall electron density inside

MBE growth. the slabnp(2) is thez-dependent ionized donor density, and
The analysis chamber is equipped with a HREELS specNg=N"=NgP.
trometer (Leybold-ELS-22 typg low-energy electron dif- In that case the wave function of an electron in the con-

fraction (LEED), Auger electron spectroscofAES), and  duction band is given by
x-ray and ultraviolet photoelectron spectroscopXPS,
UPS. The analysis chamber is pumped by an ion pump and 1
a turbo-molecular pump and had a base pressurexad1'° WV i(%,2)= —= expliqx) ®i(2),
mbar. All samples showed @x4) RHEED pattern during " VA
the growth and a very cleaf4x4) LEED pattern(due to the . _
excess of As in the growth chambeafter the growth. wherex; and g, are position and wave vecFors in the plane
HREELS spectra were measured in specular geometr9ara||e| to the surface. Then, the energy eigenvalues are ex-
with primary electron-beam energies ranging from 0.5 to 2¢Pressed as
eV at an incidence angle of 45°. The energy resolution was -
chosen to be 8 meV, obtained from the full width at half E. _ m+ _
maximum(FWHM) of the quasielastic peak of the undoped ()= 2m* ol
and homogeneously high-dop€8i) GaAg100) samples.
The envelope wave functior; (z) and the energy eigenval-
uese; are found from the one-dimensional Scttimger equa-

Il. MODEL DESCRIPTION tion
To calculate theoretically HREELS spectra for the 52 g2
(}dc_)ped structures a knowledge of the eIe_c;tron—density pro- o F+\/eﬁ(z) ®,(2)=¢,D,(2), )
file is needed. In-dopedn-type GaAs the silicon atoms are m® dz

spread within the region from several tens to a few hundred : . o
A centered in the vicinity of the intended ideal doping plane.WNere the effective potentialeq(2) is given by
The electrons, released from silicon atoms, experience the
Coulomb interaction with their parent ionized donors, which

leads to a confinement of ele.ct'rons n the potential WeII'I'he Hartree potential/,(z) is a self-consistent potential,
formed by dopants. If the confining potential appears to b?/vhich is found from the Poisson equation

strong enough, the electron de Broglie wavelength is compa-
rable to the width of the potential well. As a result, the elec- d2V,(2) A2

tron motion in a direction perpendicular to the surface is W) __&m [Np(2)—n(2)]. )
guantized and the energy subband structure is formed. dz*

Vei(2) =Vh(2) +Vy(2).
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FIG. 1. Calculated dispersion relations of the main four plasma-
ronsw_, wy, »'P, andw'? . A three-layer model of a polar semi-
conductor is composed of the depletion overlayer with 100-A thick-
ness, followed by uniformly-doped interlayer with 75-A thickness
and a semi-infinite undoped substrate. The areal electron density ?ziyer model for different doping levels. The calculations were per-
the interlayem=4.3x10'* cm™? and the Drude dielectric function ¢ \"c " primary electron-beam enerBy=9 eV and a plas.

of the frge-electron gas with the plasmon damikg3 meV were mon damping’=6 meV. Note the same vertical scale in all panels.
chosen in the calculations.

Energy Loss [cm'l]

FIG. 2. Energy-loss probabilitieB.(w) [Eq. (5)] for the three-

We solve self-consistently the Schiinger and Poisson

We adopt the exchange-correlation potentigl(z), ex- equations by virtue of real-space method, where the @&gs.

ELiSdse\gsiL:;n a simple analytical form by Hedin and and (2) are approximated by finite-difference expressions,
q obtained on the discrete mesh of points within the interval
1 o,L).
Vy(2)=— Ry*|1+0.7734 Ir( 1+ Calculated in this manner the electron-density profile is
mars X then discretized into a histogram of a finite number of sub-
with layers in order to derive the effective dielectric function by
virtue of a continued-fraction expansigr®
B 4 1/3 _rs(Z) B 4 ‘o3 —-1/3 ,
a=\g-| + X@D=7 2=z 7@)n@)| o b%
eer(Q), @) =2ay b2 , ()
2
2 2 ayta,—
m* e’ 2¢..a* _
with a;=¢;(q,,w,z)coth(g,d;) and b;

Given the energy eigenvalues and corresponding envelope g,(q, ,w,z)sinh(g,d;), wheres; andd; are the dielectric
wave functions the electron density at a depik expressed function and the thickness of théh layer, respectively.

by For our purpose we choose the long-wavelength fihat

the Lindhard dielectric functidf of the electron gas in order
to take into account the dispersion of the plasmon excita-
tions. Finally, the dielectric function of every sublayer in Eq.

. : . () takes the form
with B=1/kgT and u the chemical potential. The chemical

potential is found from the criterion of the overall neutrality
of the slab

*

(@)= 7 S N1+ a0 )

(80— 8x) @70 “’IZJ
&i(q),®,2) =g+ 02— w’—iyo ®?’—D(q)+ilTw @

with D(q,) = 2v £qf and w ;=4me’n(z)/m*, where y and

L L
Ntot:f n(z) dZZJ Np(z) dz+2Ng. ' .
0 0 I" are the phonon and plasmon damping factors, respectively,



54 SILICON SPREADING IN&-DOPED GaA$100): A HIGH- . . . 2013

Energy Loss [meV] Energy Loss [meV]
-20 0 20 40 60 80 50 75 100
' 43x1022 em? B9 eV
................. 0, M N=43x10'2 cm’?

Intensity [arb. units]

400 600 800

s
g |
P A N
£ J ...........................
2 [ 7 -
g |/ 0.6x10"? cm’
8 |/
gV i 25 0 25 50 75 100
/ ___________ x 10 (b)
i T — E
0.1x10"% cm? g
£
L . 5
x 10 a
-200 0 200 400 600 800 =
a
Energy Loss [cm'l] . . . \ . . ,
200 0 200 400 600 800

FIG. 3. The full energy-loss spectra, calculated for the same
parameters as in Fig. 2. For the lowest doping léVel0.1x10'?
cm™2 the phonon peak ab, energy is well resolved.

Energy Loss [cm'l]

FIG. 4. Energy-loss probabilitieB(w) [panel(a)] and the full

wro is the transverse optical phonon frequency. The Contri_energy-loss spectrgpanel (b)], calculated for different values of

bution from the lattice vibrations is presented in E4). by plasmon damp'ng’ ranging from 1.5 to 19 meV. The. Curves in
the second term, and the first ome,, has its origin from the panel(a) are displayed from top to bottom for increasing plasmon
o ! " damping as labeled in pangd).
polarization of the bound electrons.
Given the effective dielectric function the energy-loss
probability P.(w) in the dipole scattering theory is calcu- the overlayer and the semi-infinite substrate contribute to the

lated ad’ energy-loss function only by virtue of phonon excitations,
- whereas in the doped slab a plasmon mode can be excited as
P(w) 4e“v] kg f |q”|d2qH well. The Drude model for the dielectric response function of
0= —— . ;
el m2h? K, jayl<c® [quer(w— IRE the electron gas in the slab is assumed.

The poles of the surface loss function
-1 Im{—1/eex(q; )+ 1]} in E%. (5) gives four main loss fea-
corQr @) T 1] B tures, labeled a®_, wy, © P, andw? in Fig. 1, where the
dispersion relations are shown. The appearance of two addi-
Convoluted with an appropriate instrumental function withtional branches, if compared to the case of the neglect of the
the inclusion of the multiple energy losses and temperaturgattice vibrations:> has the origin from the coupling between
dependence of the scattering target this value is comparégle phonon and plasmon excitations, which forms the inter-

X 1m

with measured HREELS spectra. mixed modes or plasmaroRs.?® As g, increases, the
branches»! andw'? approach the value,/(2e..)"”?, appro-
IV. RESULTS AND DISCUSSION priate to an energy of the “interface” plasmon. In the long-

wavelength limitq,—0 the energy of the mode'? should
be approximatelyw,/(e..+1)*2 the surface plasmon energy
For a better understanding of the main features-dbped  with no depletion layer. The energy of the mod§’ , when
structures we first consider the simplified model for a polarg,—0, approaches the valug , the energy of the longitu-
semiconductor. This model is assumed to be composed afinal optical phonon. It should be noted that the Drude di-
the undoped overlayer with a thickness of 100 A followed byelectric function for the embedded electron gas predicts
a homogeneously doped slab with a thickness of 75 A and downward dispersion of the loss featusd” , whereas the
semi-infinite substrate. The embedded doped slab mimé&s ainclusion of the spatial dispersion results in upward curva-
layer of finite width with a confined free-electron gas. Thus,ture of both dispersion curves fasY’ and w? modes, re-

A. Three-layer model for a polar semiconductor
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FIG. 5. The dependence of the energy-loss probatfljffw) on
the primary electron-beam energ¥,. The doping level
N=0.9x10' cm2 and the plasmon dampinf=12 meV were _ Srd
used in the calculations. The vertical scale is the same for all paneld the calculations are the same as in Fig. 5.

FIG. 6. The line-shape change of the full energy-loss spectrum
with a variation of primary beam enerdyp. The parameters used

spectively, which approach each other asymptotically with To elucidate the role of plasmon damping we calculated
the increase of}; (not shown herg energy-loss spectra for the same model, varying a plasmon
We calculated the energy-loss spectra for this structure fojamping factor in the range from 3 to 19 méWig. 4). The
different doping levelsN and primary beam energies. The doping level was 4.810'2 cm™2 and the primary beam en-
calculated energy-loss probabiliti®g(w) for the set of dop-  ergy was 9 eV, they were the same for all spectra. The in-
ing levels ranging from 0:£10'to 4.3<10"? cm ? (for the  ¢rease of the plasmon damping causes the downward shift of
same primary beam ener@;=9 eV and the plasmon damp- 0 plasmon peako towards the phonon, [Fig. 4@)]
Svhereas the plasmon at_ gradually flattens and is almost
buried in the elastic peak, increasing slightly its FWHIMg.
4(b)]. As a result of such behavior of the plasmon modes
(instead of a good resolution of the plasmaen and the
fphononay, for low damping, we obtain the single superim-

energy of the acousticlike plasmon mode shifts down-
ward with a decrease of the doping level. At high doping
levels this peak is well resolveFig. 2,N=4.3x102 cm™?),

but for further lowering of the doping level the plasmon

mode w_ no longer manifests itself as a single peak, bu "
merges with a broad structureless feature in the vicinity of0S€d loss feature positioned at the energy of the bare pho-

zero-energy losses, drastically broadening the elastic pedkon @o With & Ia(rlge background, originating from the plas-
(Fig. 3,N=0.6x 10" cm 2). The bare phonomy, in this case Mons w_ and -’ [Fig. 4b)]. This perturbed phonon we

is visible only as a weak shoulder of the elastic peak. Furthepbserved in all our measured energy-loss spectra.

decrease of the doping level to &10'? cm™2 leads to the The line-shape change of the calculated energy-loss spec-
narrowing of the elastic peak and accordingly to the sharptra versus the primary energy for the doping level of
ening of the phonon peatbottom panel in Fig. B In the ~ 0.9x10'2 cm 2 and the plasmon damping of 12 meV is
limit of a negligible doping one simply obtains the undopedshown in Fig. 6. For the lowest primary beam energy of 1 eV
structure with a narrow elastic peak and a well-resolved opthe elastic peak is strongly broadened due to the contribution
tical phononw. It is worth mentioning that for the broadest from the low-energy structureless featfgg. 5. With the
elastic peakdoping levelN=0.6x10" cm 2 in Fig. 3 its  increase of the primary beam energy this contribution gradu-
maximum is shifted appreciably from zero energy due to theally decreases and the phonon peak evolves from the weak
large contribution from the structureless loss featwrein shoulder forEy=1 eV to a well-resolved peak for the higher
this doping regime. energies(Fig. 6). It is worth mentioning that the plasmon
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'Y is shifted to the phonon peaty with the increase of the tial spreading. First, we assume an initial distribution at time
primary energy(Figs. 1 and & forming the single loss struc- t=0 given by theé function

ture.
Np(t,2)[i=0=Npd(z—2),
B. Fitting of the measured HREELS spectra with smooth whereNp, is the total areal density of electrically active dop-
self-consistent electron-density profiles ant atoms an% Is a position of_the doping plane. The so-
lution of the diffusion equation in the presence of the non-

The dopant distribution of the high-doped sample 17 istransparent boundary at the surface for the diffusing dopants
considered Gaussian shaped due to the expected wider spa-given by

4Np  (In2 12 (2 zO 24 In2
W1+W2 7T ex , Z=Zg

D= Ny (22 ([ (z- 20)24In2 (zrzam2]| )
Witwy | reRT Tz | U5

wherew,/2 andw,/2 are the widths of the right and the left w;=4+In2D;t and w,=4+In2D,t,

halves of the total asymmetric Gaussian distribution, respec-

tively, as if they are considered in the absence of the boundwhereD, andD, are the diffusion coefficients in the growth
ary. These values are related to the diffusion coefficients iflirection and back from the initial doping plane, respec-
both directions from the initial doping plane as tively. Since the surface boundary restricts the diffusion pro-
cess in the growth direction one obtains an accumulation of
the dopants beneath the surface even in the case of the equal-
ity of the diffusion coefficient, andD,, when the doping
Energy Loss [meV] plane is placed close to the surface. The function in (B.
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FIG. 7. The measuretbolid lineg and the fitteddotted line$ -1
Energy Loss [cm™]

energy-loss spectra for primary beam ener@igs 1, 3, and 15 eV
for the low-doped sample 10 with the doping plane at a depth of
100 A. The rectangular-shaped dopant distribution with40 A, FIG. 8. The same as in Fig. 7, but for the low-doped sample 11

the density of electrically active doparitg,=8.0x10?cm™2 and  with the doping plane at a depth of 200 A. The parameters30
the free-electron densitig=1.5x10'? cm 2 were estimated from A, Np=8.0x10'2 cm 2, andNg=4.6x10'2 cm™2 were estimated
the fitting. from the fitting.
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FIG. 10. The self-consistent electron-density profijt#otted
line) and the conduction-band edge relative to the Fermi enEggy
(solid line) for the high-doped sample 17 with the doping plane at
depth of 100 A are displayed. The asymmetric Gaussian-shaped

E dopant distribution(dashed ling from equation(6) (w;=100 A,
w,=150 A, Np=1.5x10'2 cm™?), used when solving the Schro
dinger and the Poisson equations, is shown too.

- oo \i5 Gaussian distributions of dopant atoms were used in the cal-
-200 0 200 400 600 800 1000 culations and no notable difference was found. During the
fitting, first for the primary beam energy 9 eV, we adjusted
the volume density of the electrically active dopaNts, the
width of the rectangular dopant spreadimg the surface

FIG. 9. The same as in Fig. 7, but for the high-doped sample 1%rapped charge densityg, and the plasmon dampirigy For
with the doping plane at a depth of 100 A and for primary beamthe other primary beam energies only the plasmon damping
energiesEo=1, 3, 9, and 20 eV. The asymmetric Gaussian-shapedyas changed to obtain the best fits to the experimental data.
dopant distribution withw; =100 A andw,=150 A was estimated. The fitted energy-loss spectra for different primary energies

are shown in Fig. 7.
defines an asymmetric dopant distribution, used in the self- The same fitting scheme was applied for the low-doped
consistent calculation of the electron-density profile, outlinedsample 11 with the intended doping plane at 200 A depth
in Sec. Il (Fig. 8 and for the high-doped 100-A-depth sample(E®).

As mentioned in Sec. | for the sample growth we used &). In the latter case, we assumed the ratigw, of 1.5, i.e.,
temperature of 550 °C, which is lower than the temperaturehe ratioD,/D; of 2.25 between the diffusion coefficients of
explored by Loheet al,*® and without subsequent thermal dopants towards the surface and backward from the doping
decapping of the As-passivation overlayer. For these reasonglane, respectively. In this fashion, we simulated the prefer-
when fitting the measured energy-loss spectra of the lowential diffusion in the growth direction(segregation®*
doped sample 10, based on the smooth electron-density prasich is expected to be strong in the case of high doping.
file, a symmetric spreading of the dopant atoms near th&his results in a strong asymmetric distribution of the dop-
intended doping plane was assumed. Both rectangular arahts with respect to the initial doping plane. The calculated

Energy Loss [cm'l]

TABLE I. Summary of the dopant spreading parameters for the diffefefiped GaAg4100) samples
(10, 11, and 1¥ The values listed are as followg,: depth of the initial doping planéyy : areal density of
the electrically active dopant atom; : areal density of electrons in the conduction bawdfull width at
a half maximum(FWHM) of the dopant distribution;E-—Eg)s,s: Schottky barrier height.

Z Np Ne w (Ec—EpR)surt
Sample A (cm™?) (cm™?) A) (eV)
10 100 8.0 10'? 1.5x10% 40 (Rectangle 0.72
11 200 8.0¢10%? 4.6x10%? 80 (Rectangle 0.73
17 100 1.5¢10%2 4.9x10%? w;=100 0.71

w,=150
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TABLE II. The dependence of the plasmon damping fagton g, = (2my/#2) Y Ey 2~ (Eq—fiwg) Y4 sin 6. The most

the primary electron-beam enerdy, for the different &-doped  striking feature of these data is the significant decrease of the

GaAg100 samples(10, 11, and 1y The probing depths for the plasmon damping at the low primary energies for the low-

phonon modeav,=36 meV are also shown. doped samples 10 and {dee Table . Such a decrease can

: be attributed to the spatial separation between the phonon

E,  Sample #10 Sample 11 Sample 17 Probing depthA)  mnode, localized closely to the surfader instance, the prob-

ev) I'(mev) I (meV) I'(meV) forwy=36 meV ing depth of the phonon modey is 126 A forE,=1 eV) and

05 8.7 9.9 18.6 89 the plasmon mode, confined within the potential well,
1 6.0 5.0 16.1 126 formed by ionized dopants at depths of 100 and 200 A for
3 5.6 8.7 12.4 220 these two samples, respectively. One can also conclude from
6.5 310 14.9 305 this_ finding that a scattering of plasmo_n excit_ations_on the
9 26.7 211 211 382 optical phonons at room tempergture is dominant, if com-
12 19.8 223 211 441 pared to the scattering on the ionized dopants. In the case of

the high-doped samples the spatial separation mentioned
above is less, and such a decrease of the plasmon damping
was not observed.

15 19.8 27.3 17.4 493
20 13.6 211 570

V. CONCLUSIONS
self-consistent electron-density profile for the high-doped
100-A-depth sample 17 is shown in Fig. 10. It should be
noted that even an approximation of the dopant spreading

In this paper we presented results of a HREELS investi-
ation of thes-dopedn-type GaA$100) samples grown at
50 °C with different doping levels and doping plane depths.

a Gaussian with equal diffusion coefficients in both direc—From the comparison with the calculated spectra the dopant
tions from the doping plankeq. (6)] can reslt in an appre- spreading has been estimated. It was shown that in low-

ciable asymmetry of the dopant distribution if a doping plane ; S
is positioned close to the surface. doped samples the symmetric dopant distribution near the

The parameters of the dopant spreading and calculat iHitiaI doping plane provides good fits to measured energy-

electron-density profiles for all samples investigated ardoSS SPectra in the applied set of the primary electron-beam
summarized in Table I. energies. In contrast, for high-doped samples the asymmetry

From a detailed analysis of the results shown in Fig. 9 onén the dopant distribution was assumed to simulate a possible

can observe an appreciable shift of the main loss feature Witﬁegregatlon process. This was done by virtue of the asym-

an increase of the primary energy. Such behavior is eX[netric Gaussian, which is a solution of the diffusion equa-

plained by the influence of the plasmaxf?, which has a ti%? in thg non-ttransparent surface boundary conditions for
smaller spectral weight and is buried in the phonon peak a(i“ using dopants.

: —-— ; The significant decrease of the plasmon damping at low
the low primary beam energyop panel in Fig. & With the . ; . .
increasep of th)e/z primary energpypthe spect?almweight of thdrimary beam energies for the low-doped samples is ascribed

plasmone? increases relative to the phonon mase(Fig. 0 a spatial separation between the surface optical phonon
5) AccordJirneg the loss feature fdE.=20 eV can be as- mode, strongly localized near the surface and plasmon exci-
sié;ned to the p]asmon mode') distﬁrbed by the phonon tations, confined within the potential well, positioned at 100

peakw,. For the low-doped st':\r’nples 10 and 11 the shift ofand 200 A from the surface for samples 10 and 11, respec-

the main loss feature with a variation of the primary energyt|vely. This provides additional evidence that scattering of

is not observed due to a smaller energy separation betwe%‘*?e electrons on the optical phonons is dominant at room

5-27
the phononw, and the plasmom'? peaks, respectively. emperaturé:
The fitted plasmon damping factors for all samples stud-
ied are presented in Table Il where the probing depths of the
phonon modev, are also given. The probing depiffective One of the authorg§V.M.P.) gratefully acknowledges the
spatial extent of the polarization electric field from the sur-financial support of the Heraeus foundation and of the Deut-
face inward the bulkcan be roughly estimatétias 14, with sche Forschungsgemeinschatt.
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