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Summary.  - -  Elect,ric-field modular,ion techniques have been employed 
for the first time in the spect,r'd region above 30 eV. h novel analog 
de,eel,ion scheme is described which achieves sensit,ivit,ies of 10 -~ wit,h 
the low-duLy-cy(,le, pulsed synchrot,,'on radiation som'ce used. Applicat,iml 
to the sh:~rp Si/52 3 edge at, 99.9 eV yielded no det,ectable electroreflect,ance 
for 3.10 '~ V/cm modulation. We conclude tha~ the p-core exciton binding 
energy must be at, least. 300 me'V, and thus its final state cannel be 
described by the previously employed effective-mass approximat,ion. 
Phot,oenlissiou altd absorpt,ion measurements are presented to mtpport. 
t,his finding. 

1.  - I n t r o d u c t i o n .  

Modula t ion  spec t roscopy  has p roven  to  be an  effective t echn ique  for  enhanc-  

ing w e a k  opt ica l  t rans i t ions  in the  visible and  in the  near  U V  energy  region (1). 

The  sharpness  of the  resul t ing  s t ruc tu re  and  its dependence  on the  electric field 

h a v e  been  successfully used to  ident i fy  electronic energy  b a n d  crit ical poin ts  

(*) Paper presented at the (~Taormina Research Conference on Recent. Developments 
in Optical Spect,roscopy of Solids ~>, held in Taormina, September 1976. 
(1) See, for inst,ance, M. CAI~DON~: Modulat ion  Spectroscopy (Now York, N. Y., 1969); 
see also papers in Modulat ion  Techniques,  edited by R. K. WILLARDSON and A. C. BEER, 
Veh 9 (New York, N.Y. ,  1972). 
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and intrinsic bulk broadening energies (2). Similar measurements  performed 
up to 27 eV by using synchrotron radiat ion exhibit  surprisingly strong struc- 
tural  enhancement  and high-resolution characteristics (3). Spectral  features 

some five times sharper than  expected on the basis of core level widths meas- 
ured by photoemission and conventional  absorption are seen. 

We have extended the electroreflectance technique into thc sof t -X-ray  
region in order to measure transitions from a var ie ty  of core levels on all con- 
st i tuents of a semiconductor compound and to elucidate final-state interactio~ls 

more clearly than  in conventional  optical experiments.  In  particular,  in this 
paper  we use the strength of the modulat ion response to characterize core 
exeiton binding characteristics. 

2.  - E x p e r i m e n t .  

While s tandard sample preparat ion techniques (4) can be used in the sof t -  
X- ray  region, novel signal processing has to be employed for an adequate  
signal-to-noise rat io to be realized, due to the pulsed na ture  of the synchrot ron  
radiat ion source. Our experimental  solution is outlined schematically in fig. 1. 

Electrons circulating in the SPEAR storage ring at  the Stanford Linear  
Accelerator Center emit 0.4 ns pulses of light every 781 ns, each having a con- 
t inuum of photon energies extending into the h a rd -X - r ay  region. The mono- 
chromator  on the "4 ~ beam line (~) at SSRP provides tunable  radiat ion f rom 30 
to 500 eV with 0.1 �9 resolution. The sample was placed at  5 ~ grazing angle 
of incidence ~u the modulat ion region aligned in the light beam by maximizing 
the 68 eV, M :  3 reflectivity s t ructure  of the semi-transparent  Ni Schot tky-  
barrier field electrode. The reflected intensi ty is detected by  a chew'on channel 
plate operated in an analog mode. I ts  pulsed response is characterized by  the 
t ime structure of the electron stored in SPEAIL as shown at  the top of fig. 1. 
Since the du ty  cycle is 0.05~o, the noise generated in the detector  would be 
averaged for a period tha t  is a thousand times longer than  the t ime the optical 

signal is present;, if s tandard analog techniques are used. We, therefore, achieve 
noise reduction by gating the detector  ou tput  in synchronism with the pulse 
repeti t ion rate  of the storage ring for as short an interval  as possible. In  prac- 
tice, a ~ 20 ns window is achieved for each pulse with a PAR 162/164 boxcar  

(2) V. R~m?,-: Sur/. Sci., 37, 443 (1973); 1). E. AsPenS: Sur]. Sei., 37, 418 (1973), 
~nd cited references. 
(3) D. E. Ase~ns ~ad C. G. 01~SON: Phys. Rev. Zett., 33, 1605 (1974). 
(4) D. E. Asex~:s: t)hys. Rev. Lett., 28, 913 (1972). 
(5) F . C .  BROWK, R .  Z.  I~ACHRACH, S. B .  ~I. IIAGSTRO~f, ~ .  ]A)~N ~nd C. I1. PRUETT: 
ill Vacuum, Ultraviolet ttadiatiou Physics, edited by L. KocI~, R. II_~SSnL and C. Kv~-z 
(New York, ~N. Y., 1975), p. 785. 
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Fig. 1. -- Scheumtic diagram of the apparatus used in this experiment. The monochro- 
matized synchrotron radiation reflects at grazing incidence from the sample and is 
detected by a chevron channel plate detector working in an a,mlog mode. The low--duty- 
cycle pulses are g~ted with a boxcar integrator. The slow electric-field modulated 
component is extra,cted with a lock-in amplifier. A compuLerized da.ta ~cquisition 
system (6) encodes and reduces the ra.w da.ta.. 

in tegra tor  operated in a sample-and-hold mode. This ou tpu t  can then  be pro- 
cessed b y  usual modula t ion  spectroscopy techniques. The boxcar  ou tpu t  di- 
rect ly  yields the ref lect ivi ty/~ following normalizat ion by  the S P E A R  current  I 
to account  for the long- term decrea.se in photon flux as the stored electron beam 

decays. The electroreflectance response AR is obta ined f rom the boxcar  ou tpu t  

by  using a lock-in amplifier (PAR ]24 A/116) operat ing ut the fundamenta l  

or second harmonic  of the modula t ion frequency.  I n  our system, the  processing 

required for a normalized A R / R  was done by  a P D P  11/40 computer ized da ta  

acquisit ion syst(~m (6) by  means  of CAMAC modules and VIDAR, voltage-to-  

f requency converters.  A sensit ivi ty of a few par ts  in :104 was rout inely achieved. 

(6) R. Z. B~Cm~,~CH: Proceedings o] International Worksha 1) on the Decelopment o] 
Synchrotron Radiation .Facilities, Quebec City, June 1976. 



412 R.s. BAUER, R. Z. BACHRACH, J. C. ~C]K]~NAMIN and D. ~. ASPN~.S 

3. - Si  I2,3 e l e e t rore f l e c tance .  

The in te rac t ion  be tween  an  exci ted  core e lectron and  the  resul t ing  localized 

core hole is f u n d a m e n t a l  to  opt ica l  processes in the  far  UV. ]3ecause of its 

sharp  ( ~  0.12 eV) and  s t rong  th resho ld  behav io r  (7,s), t he  silicon L,2, 3 absorp-  

t ion  edge a t  99.9 eV has  been the  p r o t o t y p e  for  opt ical  exc i t a t ion  of p core 

electrons.  Genera l  theories  of core exci tons  in semiconduc tors  (too) es t imate  
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Fig. 2. - Thc raw spectral distribution of the grazing-incidence reflectivity~s162 for Si 
in the region of the ~2.3 edge at 77 K. The lower data are the simultaneously measured 
electroreflcetancc ER (.#~----3.105 V/cm) signals; the depletion region modulation in 
this sample was excellent, as measured by ER in the visible rcgion. 

(~) 1~. Z. BAClmACH, F. C. BI~OWN and M. SXlBOWSIr .Bull. Amer. l~hys. Soc., 20, 
488 (1975); F. C. BRow~-, R. Z. BACHl~AC~ and M. S~:IBOWSKI: Phys. lr (to be 
published). 
(s) F . C .  BRow~ ai~d 0. P. RUSTGI: Phys. l-r Zett., 28, 497 (1972); C. GA~VlLL].m 
and F. C. BROWN: .Phys. Rev. B, 2, 1918 (1970). 
(9) M. ALT~nlmI and D. S. D~xTwR: Phys. Rev. Zett., 29, 1100 (1972). 
(i0) S. T. PANTV.LID],]S: SoL State Comm., 16, 217 (]975). 
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the binding energy for the Si L~,~ excitonic final state to be of the order of 
40 meV. We have applied modulat ion techniques to this transit ion for the 
first t ime in order to characterize core cxciton binding characteristics. 

Using the techniques described above, we measured eleetroreflectancc of 
Si at  5 ~ angle of incidence in the region of the L.,3 edge at  77 K. As seen in 
the top of fig. 2, the unmodula tcd  grazing-incidence reflectance spectrum 
obtained for these samples is be t te r  resolved than  those previously repor ted (~1). 
A strong M~,.~ Ni s t ructure  is obtaincd at  68 eV, indicating good alignment 
of the modulat ion region in the light path. The data  in the lower par t  of the 
figure show tha t  for fields of 3 .10 '~ V/cm, no clectroreficctancc is measured 
to a few parts  in 104, even though a strong s t ructure  is clearly observed in the 
normal refieetance. This part icular  Si sample was measured in the quartz-optics 
range before and after  the sof t -X-ray  experiments were performed;  the low- 
energy electroreflectance was among the strongest ever measured for Si, in- 
dicating tha t  good depletion region modulat ion had been achieved in the ex- 
periments in fig. 2. 

The Si L..,,:~ clectrorefieetance should have been easily observable with our 
experimental  capabilities, if the final state for the photoexci tcd 2p core electron 
were effective-mass-like (9,~0). By  comparing the results for Ga (3d) electro- 
reflectance in GaP (s), a 170 meV exciton binding energy for the Si 2p final 

s tate  would have yielded a signal tha t  is a factor  of two greater  than  the noise 
shown i~l fig. 2; this value was calculated by  using Blossey's theory (12) with 

au electro-optic energy of 57 mcV for Si. A reasonable lower limit for the final- 
s tate  effect to cause our null E R  result is thus taken as 300 meV. Clearly, 
the exci tat ion is too local to be unders tood by  conventional  effective-mass 
descriptions applicable to semiconductor donor states (1o). 

4 .  - D i s c u s s i o n .  

This experimental  finding is supported by  photoemission and optical- 
absorption measurements.  Electrons photocmit tcd  by  high-euergy photons 
from both  core and valence band initial states will not  be influenced by e• 
tonic effects for conduction band edge final states. We then can compare the 

edge position measured by  optical absorption (s) with the core-to-valence 
band max imum (VBM) separation seen in photoemission. High-resolution 
photoelectron data  for in situ cleaved Si are presented in iig. 3, as measured 
by  a Physical  Electronics i[5-255 G double-pass cylindrical-mirror analyzer 

(11) H. FUJITA and Y. IG~:cnI: Jap. Journ. Appt. l~hys., 14, 220 (1975). 
(12) D. F. BLOSSEY: Phys..Rev. B, 2, 3976 (1970); 3, 1382 (1971); D. F. BLOSSEY 
and P. I-I~U)L~Ir iu Semicon(Iuctors and Semimetals, p. 257. 
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operating with an electron energy resolution of 0.4 eV (i.e. 25 V pass energy). 
Matr ix element effects cause weak valence band  emission at  ]50 eV (note the 
•  expansion) and the supression of s-derived density-of-state s t ructure  
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Fig.  3. - I n i t i a l - s t a t e  e n e r g y  d i s t r i b u t i o n  for  e l e c t r o n s  p h o t o e ~ u i t | e d  f rom i++ situ 
c l e a v e d  Si for  a n  e x c i t a t i o n  e n e r g y  of 150 eV a n d  a t  300 K. B y  r e f e r enc ing  to t h e  
v a l e n c e  b a n d  m a x i m u m  (VBM), t h e  one-ele(~'tron cor t t i l tuum is d e t e r m i n e d .  

seen at  ESCA energies. Adding the J.1 eV Si band gap energy to the 99.4 eV 
binding of the 2p core electron determined from fig. 3, the one-electron separa- 
tion between this core and the conduction band edge is (100.5 _-l= 0.35)eV. 
Absorption experiments (s) measure (99.9 ~: 0 .05)eV as the optical-transit ion 

energy for this Ls,a edge; this is in agreement with the absorption edges obtained 
by  to ta l  (~3) and part ial  (14) photoemission yield. Thus the final-state effect 
measured this wa,y is of the order of (0.6-4-0.2) eV. The minimum cxciton 
binding energy then supports our deduction from the lack of eleetrorefiectance. 

BAC]a-RACII, BI~OW~ nnd Slcr]3OWSKI (7) studied the final state for Si 2p 
optical transitions by  observing the effects of doping on the L.,,:~ absorpt ion 
edge. They  showed th~t~ while the edge is sensitive to local order in the vicini ty 

(13) W.  GI~DAT a n d  C. Ku_xz: 1)hys. Rev. ~ell., 29, 169 (1972). 
(1~) R. S. BA~:I,'R, R. Z. B~cHrtAeli, S. A. FLODSTRO,~ and  . l . C .  _~{C3Ir,.~A)~IX': .Tour~. 
Vac. Sci. Ter ol., 14, 378 (1977). 
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of an absorbing Si atom, no changes in hne shape or position occur when Si 
is doped metallic with ]0 -~~ donors per cm 3. Therefore, this sof t -X-ray  transi- 
tion must  be more local than  the ~ 20 J~ screening length in those samples. 

5 .  - C o n c l u s i o n .  

The photoexeitat ion of a deep p-core electron must  be relatively local, 

and, therefore, one-electron band states cannot  constitute the final states for 

these transitions (7). Theories based on stronger interactions tha.n possible 

in the effective-muss approximaiion (too) are necessary to describe these core 

excitons. We have accumulated photoemission and optical data on I I I - V  amt 

I I - V I  semiconductors which indicate tha t  strong final-state effects on high- 

energy optical transitions are ~ general phenomenon,  not limited to just  the 

Si L2,3 edge. 

Our null result should not  be taken as indicative of the general prospects 

for so f t -X- ray  electrorefiectanee data. Rather,  the unique ability to s tudy 

the response of ~ large variety of core level excitations to electric-field pertur- 

bat ion makes pursuit  of this technique very promising at high photon energies. 

Our demonstrat ion of adequate signal-to-noise ratio abo~e 30 eV should at 

least allow m a n y  of the generalizations based on studies of a single-core level 

(v iz . ,  Ga 3d)(3) to be investigated. 

We would like to thank  the staff of the Stalfford Synchrotrolt  Radiat ion 

]?roject, which is supported in par t  by  the h~ational Science )~oundation Grant  
~o.  DMI~ 73-07692 in co-operation with the Stanford IAnear Acceleration 

Center ~nd the U.S. Energy Research and Development  Administra.tion. 

�9 R I A S S U N T O  (*) 

Tecniche di modulazione di campo elc~trico sono sta.te impicgate, per la. prima volt~, 
nclla regione spcttrale al di sopra di 30 cV. Si descrivc un nuovo sistcma analogico di 
rivclazione che raggiunge sensibilitk di 10 .4 con la sorgentc di radiazione di sincrotrone 
chc 5 impulsata con basso ~( duty-cycle ~). La tecnica ~ stata applicata alia. s~rett~ soglia 
di assorbimento L% adel Si a 99.9 cV. Non si sono osservati segnali di clettriflcttanza 
nonostantc una modulazionc di 3" 105 V/cm. Si conclude chc l'energia di legume del- 
l'eccitone p profondo devc esserc ahneno 300 meV, e quindi il suo stato finale non pu6 
esserc descritto dall'approssimazionc della massa effettiva precedcn~mcnte impiegata. 
Si presentano misure di assorbimento e di fotocmissione a sostegno di qucsto risultato. 

(*) Traduz ione  a cura della t~edazione. 
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TexHmca 3aeKTpOOTpa~eHH~ B O~.'[aCTH MHFI(HX pe~rrreHoBcgHx o~yqefi. 

B a n a ~ a e  ~ o ~ e q u o r o  e o e T o n s ~ s  ~a  onTsqeeuHe nepexo~b~ S i (2p) .  

Pe31oMe (*). - - B r r e p B b m  TeXHIIKa Mo2~yJI~IHHH 3neKTpnqecxoro n o ~ a  HCIIO~lb3yeTc~ B 
cneKTpaoa~HOR o 6 n a c r n  BbIIIIe 30 3B. OrirIcblBaeTCH CXeMa ~CTeKTHpOBaHI4~, B KOTOpOR 
~OCTHFaeTC~ ~[yBCTBI~ITCJIbltOCTb I0 --~, Korea  Hcrlonb3yeTc~ KMnyn~,cnr,~ CHHXpOTpOH- 
Hhr~ ~ C r O ~ n ~  n3s ly~eH~.  Hpn.~enenr ie  K pe3KoMy x p a m  Si/52. 3 n p n  99.9 3B )xaeT 
He ~eTeKTnpycMoe 3nexTpooTpamem4e ~oqa MO~yn~IlrIrI 3 . 10  ~ B/CM. M.br 3aKmo~aeM, 
,~ro 3aepr rm CBH3H ~II~l 3KCaTOaOB ff-OCTOBtt 2~OJI)KHa 6bITb, 170 xpa~tne~ Mepe, 300 M3B. 

Ta~rrM o6pa3OM, ~or~e~I~oe COCTO~r[r~e He MoT~eT 6l~ITb OIIHcatto C IIOMOIII~]O paHee 
~ICriOYlb3OBaHttOFO rrpH6nr~zxer[rta 3~qbeKTl~HO~ MaCCbr. I'[pHBO/2~ITC~t pe3ynbTaTl, i H3Me- 
p e H ~  rio (~OTO3MHCCHH H IIOF.rIOII~eHHIO. 

(*) Hepesec)eno peOat~que~. 


