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of Sem conductor Quantum Confined Structures Cross-Reference to Rel ated
Applications 5 The present application clains benefit of U S. Provisional

Pat ent Application S.N. 60/472,687, filed on May 22, 2003. Field of the
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cases as sSmall as one part n 106. Additional quantum confined
High sensitivity optical measurement techniques are required in the fabrication of
electronic and optoelectronic devices. The manufacture of semiconductor devices
15  typically begins with a large substrate wafer of semiconductor material, and a large
number of semiconductor devices are formed in each wafer. Because the device
manufacturing steps are time consuming and expensive, it is important to the
manufacturing process of such semiconductor devices that the physical characteristics of
semiconductor device structures only vary within a small process window. In order to
(. 20  attain the earliest possible feedback during production, it is necessary to non-
destructively characterize the physical properties of device structures before the device is
complete. Importantly, the active region of many electronic and optoelectronic devices
are semiconductor quantum confined structures. For example, the gain media in
communications lasers typically comprise multiple quantum well structures.
25  Unfortunately, widely available optical spectrometry techniques such as ellipsometry or
linear reflectance do not have the sensitivity required to observe signatures of quantum
confined structures. The signatures of quantum confinement occur in the vicinity of
strong interband transition features such as the band gap, and typically have small

amplitudes, in some cases as small as one part in 10°,  Additional quantum confined



1 optical signatures, arising frominternal or interfacial electric fields
al so occur nearby to strong interband transition features. These signatures
necessarily occur in the optical wavel ength range, since sem conductor
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optical techni gues are needglwi}n t he extraction of sem conductor 5 quantum

confined SPYFAfimadresyasipg utpsl ardpterfagipl deqide dieldsialsopppunaeay thy a
| : M ! _ )
proven C gﬁ’énl\%é‘ﬁ%gﬁﬁ&: Rlansili&F PoUES "[Iflt@géé\ﬁﬁﬂ‘a;ufég %kg%hrglg SREC ] BRCGRYzal

t echni que tion spectroscopy ues ‘su
" el ect r o- meivtlengthrarge, ainde Sg@hicbnducedrlistefband e'anditore @bt 1 thed 1-SeVisardgevi ty to

differential changes.in reflectivity as small as 10-7. O the nodul ation 10
spectr oscéqg‘b‘sat}égli‘l ety ﬂ?‘?&?@gteﬁ@f‘lﬂ%‘?ﬁt 95%@83‘;%1 igdhe extingtion of emicandpeior he
fabricati gl?m%mcg ﬁh&féié&d’fﬁ&sa”d optoel ectronic devices, as it is

don y )

nondestructi ve an requires the sanple have a reflecting surface
(Aspnes, 1980) Théhequicsmwentfoohidh pdneitioity ehdyebt ant by & pabvepucladsi ohoptigal oys a
di ode | aser_ punp beamto induce small periodic changes in electron-hole

popul at i ofEhNIGHES knowa omedulation spectioseonyyteshmigusn | Medylabion: SDSHEPICYPY 5
acconpl i Stﬂ&%nﬁtf Opti & 1 r fe] I ol@arlzel he
output of ap Eg %d%at %%?&A,&%g%mnc op ?ca?ﬁ%gg%i&{:%cﬁci%t émhltﬂﬁe‘% he
nodul at ed seasifvityeandifferéritiah chaisses ih aefetivitpras sl as 40Pl eOf dfd motlilatioy

chang usi ng phase | ocked detection. Thus, the conventional . .
phot o1 ef PR ERPYclsRmgRsaPhete-rededance 4 st sted Jor ek toe wisntion f

ot e ; c . _ . Lol d
(of 1 he ol CReRoRE d Ppldofckiph® LT B8 W norlsRARE (R BRETRERA U e
approach ihace eassSlettigz sysfacen (Aspapd, ex980). Ah¢ hevnventidia nphatd-efbetaneat i onal

photo-refl ecfoneters is they |lack a tunaple pu beam wi t h wavel engt hs
near by £ o CREhpwRen SH’@f%TSr%H@dFﬂ?%?FH&‘HB’ 53ih 39 ARGige AL PRrod; Changey gn ¢ o

ot ot SRS AU E AUBIRE A0 OGRS hemionaly, .
near &5i t iacedmplishad svithnant dpticabgiioppal orlbsfixtptinga poMrizeeat, thd 88yt ofhpisase by
1t oal BN PEaf P08 oPHRLHESE: frneen pef e RaRHIaied TOD, A HLBRE L
confined $ibdE HohitoP BAMR shRbleGEhaR Ry BhYRsingbiRASe fockbd Qbbb TRIWTP
the conventional photo-reflectance configuration is a realization of electro-modulation,
wherein the electric field is induced by the space charge separation field of the electrons
20 and holes (Pollack, 1996). This dual pump-probe beam approach increases the system
complexity.
( Another problem with conventional photo-reflectometers is they lack a tunable
pump beam with wavelengths nearby to at least one strong interband transition feature, or
“critical point,” in the band structure of the quantum confined structure. Importantly,
25 quantum confinement shifts and sharpens spectral features near critical points in the

optical absorption (Miller, 1982). Thus, by employing a tunable laser pump source with

wavelength scanned across the critical point feature of interest in the band structure of the
quantum confined structure, photo-reflectance information as a function of pump
wavelength beam may be used to characterize the signatures of quantum confined

30  structures.



wavel engt h beam may be used to characterize the signatures of quantum
confined 30 structures. 2 Another problemw th conventi onal

photo-refl ectoneters is that they do not enploy a polarization nodul ation
techni que to induce changes in the optical response of the quantum confi ned
structure. By using polarization state nodul ati on of the punp, beam and
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Thus, while conventional photo-reflectometers and optical spectrometers may be

suitable for the particular purpose to which they address, they are not well suited for the

20  characterization of the optical response of semiconductor quaﬁtmn confined structures.

The ability to record spectroscopic information using a single beam, which serves as both

(' the pump and probe, greatly simplifies system operation. Moreover, although
_ conventional photo-reflectometers may use a laser pump beam with sufficient power and
focusing to create electric field modulation inside the sample, this pump is not

25  wavelength tunable so as to characterize the signatures of quantum confined structures.

Also, the laser pump is not polarization modulated so as to induce anisotropic optical

responses associated with semiconductor quantum confined structures. Additionally,

although conventional reflectance difference spectroscopy has been accomplished using
polarization modulation, it has been implemented at normal incidence where no change

30  in coupling to quantum confined states exists. Also, conventional reflectance difference

spectroscopy uses lower laser powers.



responses associated wth sem conductor quantum confined structures.

Addi tionally, although conventional reflectance difference spectroscopy has
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pol ari zati on nodul ati on photoreflectance technique is to characterize
phot olfef lintetfacase signal s due to the optical response of

The general purpose of the present disclosure, which will be described
subsequently in greater detail, is to provide a new polarization modulation photo-
reflectometer that has many of the advantages of the optical spectroscopy mentioned
heretofore and many novel features that result in a new polarization modulation

20 photoreflectometer which is not anticipated, rendered obvious, suggested, or implied by
any of the prior art, either alone or in any combination thereof.

The underlying principle of the polarization modulation photoreflectance
technique is to characterize photo-reflectance signals due to the optical response of
quantum confined structures. Quantum confinement generally shifts and sharpens

25 features in the optical response, and also enhances excitonic features without substantial
broadening. Excitonic speciral widths are typically on the order of 8 meV, or
approximately 5 nanometers in wavelength, at room temperature. Moreover, excitonic
spectra associated with quantum confinement are anisotropic with respect to optical
polarization. The polarization modulation photoreflectance technique provides the ability

30 to generate and record photoreflectance information due to quantum confined optical

response. To attain this, the present disclosure generally comprises a wavelength tunable



guant um confi ned structures. Quantum confinenent generally shifts and
sharpens 25 features in the optical response, and al so enhances excitonic
features wi thout substantial broadening. Excitonic spectral widths are
typically on the order of 8 neVv, or approxinately 5 nanoneters in
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be 20 any sem conductor materials containing quantum confined structures,
and may i wdbumpsion related to the optical response of quantum confined structures is acquired.

The semiconductor materials that are the subject of the present disclosure may be
20  any semiconductor materials containing quantum confined structures, and may include,
but are not limited to Group III-V semiconductor materials or Group II-IV semiconductor

materials. In certain embodiments such materials may include gallium arsenide, gallium

P

aluminum arsenide, gallium nitride, aluminum nitride, gallium phosphide, indium

gallium arsenide, indium antimonide, or combinations thereof, or they may include

25  silicon, germanium, silicon germanium, carbon, silicon carbide, zinc oxide, zinc sulfide,
cadmium sulfide, cadmium selenide, or combinations thereof.

There has thus been outlined, rather broadly, the more important features of the

disclosure in order that the detailed description thereof may be better understood, and in

order that the present contribution to the art may be better appreciated. There are

30 additional features of the disclosure that will be described hereinafter.
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pol arization mﬁ‘f& gt ll%str%RQso ;[\19 e{e%ﬂl%tdu\ﬁ% well test structure that may be analyzed

using the photo-reflectance technique of the present disclosure;

FIG. 2 contains an arrangement of the polarization modulation photo-reflectivity
apparatus which may be used to provide the polarization modulation photo-reflectance
20  characterization in accordance with present disclosure;
FIG. 3 is a schematic representation of the polarization state through the optical
system;
FIG. 4 is block diagram of the electronic signals of the polarization modulation
photo-reflectance apparatus;
25 FIG. 5 is a graph of the polarization modulation photo-reflectance spectrum
obtained from quantum well test structure;

FIG. 6 shows shifting of quantum well excitonic positions as laser intensity is

increased.
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15  spacer layer. Then a multiple quantum well section comprising a number of periods of

GaAs quantum wells and AlGaAs barrier layers is grown on the first barrier layer. In an
exemplary embodiment, individual quantum wells may comprise a thickness of
approximately 7.4 nanometers, and barriers may comprise a thickness of approximately
7.4 nanometers. A second confinement layer is grown on the multiple quantum well

20  section. Quantum well test structure further comprises an additional AlGaAs spacer layer
of approximately 94.5 nanometer thickness, followed by a thin GaAs capping layer.

( In accordance with the arrangement of the present disclosure as shown in FIG. 2,
polarization modulation photo-reflectance may be used to measure the reflected spectra
from quantum well test structure, or any other quantum confined device structure, in

25 order to characterize the properties the quantum confined structure, and importantly,
establish the energy of optical transitions in quantum confined structure, establish the
form of the dielectric function in the vicinity of said optical transitions, and profile the
excitonic states in the vicinity of said optical transitions. Quantum confinement is known
to enhance excitonic features, often making them visible at room temperature (Miller,

30 1982). By introducing the laser beam at a non-zero angle of incidence with respect to the

quantum well layers, a component of polarization perpendicular to the plane of the



7.4 nanoneters. A second confinenent layer is grown on the multiple quantum
well 20 section. Quantumwel | test structure further conprises an additi onal
Al GaAs spacer |ayer of approximately 94.5 nanoneter thickness, followed by
a thin GaAs capping layer. In accor dance with the arrangenent of the present
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controlled by the cogiouter The | aser beami s ed into the
el ectro- opﬂl’l‘@ﬂ sinusoidally by an external function generator. The phase modulator will typically

operate at or above 1 MHz and may be driven by an external function generator.

20  Embodiments also include broadband phase modulation, including DC bias operation.
Once the laser beam exits from the phase modulator, it may have a small “residual

( amplitude modulation” induced by the phase modulator. The phase modulator design
minimizes residual amplitude modulation. However, any residual amplitude modulation
produces a constant or sloping background which may be removed. The polarization

25 modulated laser beam is then focused onto the sample surface at an angle of incidence of
approximately 45°. The optical system comprises various optical elements including
focusing and collimation lenses, and mirrors. All optical elements are matched to the

laser source wavelength. Once the laser beam is reflected from the sample surface, it has
sources of amplitude modulation at the modulation frequency from the difference in

30 reflectivity due to the polarization state change, including any polarization induced

anisotropy in the semiconductor optical response, and any residual amplitude modulation.



(EO phase nodul ator where its polarization state is nodulated. In an

exenpl ary enbodi nent phase nodul at or has a resonant frequency of
approximately 20 MHz and is driven sinusoidally by an external function
generator. The phase nodulator will typically operate at or above 1 MHz and

be drj t f ti tor. 2 di | i | ud
b padband TR deieeahnfa i noliedel G Ao Bed Bl B atiotediah  FiGtos hes ey 9
beam exi t golafiesidn®ate B_ﬁﬁ:(g 1@%99%@6 Qé’hit phéﬁe@ﬁﬁ‘o@\’tﬁe 8pt§ﬁ?£;l3}stéiﬁ.93i dual

anpl i tude nodul ation" induced by the phase nodul ator. The phase nodul at or
desi gn i ni m 2esnresmplay nzadslaftopaetiondbe aninodulated Waserbeana isydirastddduse

itud dul at i d t ant loping b d whi , b
Fehoved. - oAtk P RARHESE el 3 WG aline el RddaBRoASh OBy The
sanpl es supbREatin, ﬂhe%lﬁk@n@ﬁuiaflﬁ‘it?&f‘;ﬂﬁcééfa p(ﬁfﬁ&’(ﬁj OKihERd G lht ﬁftens_gggnt%%é cal

system conprises various optical elenents i'ncluding focusing and.
col | i mat i pelarigasmsperpendlienlan torthe pline ddpneidencee hlsordmownaase ‘siwolanigation af he

| aser source vel.ength. Once,the |aser. beamis reflected fromthe sanple
surface, PieRg ula@%ﬂ%@“@f' HBI‘&F‘EP%@ %&f‘ulpatﬂo%?zﬁ{i ilé&'ﬁén%‘a% ¥%n frequency
fromthe diffegengei iR 18R 86kbwi ty due to the polarization state change,
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response, il theintensiy ofithe “aMpoiatizedicchanokiliat i on. 8 The refl ected beamis
col l ected and focused onto the EhOt odi ode. FIG 3 shows the polarization
statel®f the | dsemldearimbRsas(@lsses through the optical system As an
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as "p" 5 thohaplitaé bPihe silifoidhicinRnbBemoabiation bedthet ?&ﬁﬁz@ioﬂ@hﬁﬁvaﬂ, b (b he
incident intensity into the polarization perpendicular to the plane of

i nci dence,is thesoodulation fequenty. pGhalaserdieamrcontains th sumoddheseiiniansitiesqukisky. The
intensity of I;he."?", pol arized light may be witten: Ip =10o(1l-mRp +
m ORpcos ( IMNOC WA the intensity of the "s" polarized channel is: 10 Is =

'r'ﬂ 9RR15 nTLORcqu $31 3 1, b eh e (IRSRANAnfRIRALIE ) dR@Hef | ectivities of the "s" and
p" polarized | ghT, ré’spect ivel y, Inls "the anplitude of the sinusoidal
i ntensity nodulBtis enobfheeforinel[ReoARr+ 2R dos(@2th avheed ARz dn(B2-R;). Also, the
respective intensities may be split onto separate beams by the use of a polarizing
beamsplitting cube, and the laser beams containing either polarization state then directed
into a photoreceiver comprising two photodiodes connected through a subtraction circuit.
20  The photoreceiver output then contains an electrical current proportional to the difference
in these intensities, which may be written:
C I, - I, = LR, - mL(Ry+Ry) + mL,(Ry+R,)cos(Q1).
This is again of the form I,[R—- AR + ARcos(€2t)], where AR is now AR = m(Rs+Ry).
FIG. 4 contains the block diagram of the electrical signals in the polarization
25 modulation apparatus. The DC signal from the photoreceiver is proportional to I,[R—~
AR], while the AC signal is proportional to [, AR. In order to measure AR/R, the laser
intensity I, must be eliminated. This is accomplished by dividing the AC signal by the
DC photocurrent. This normalized AC signal is proportional to AR/R + O(AR/R).

n an exemplary case where the polarization modulation is small, R = Ry, then

30  AR/R may be written AR/R = m(R/Ry+1). Now, letting R; - Rs + AR;, and R, = Ry +
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records the measurement photocurrents. Thus AR/R is recorded as a function of laser
wavelength and intensity. Embodiments include alterations to the arrangement which do
not alter the fundamental polarization modulation photo-reflectance signal.
Embodiments also include any configurations where the photoreceiver AC signal

20 contains a photo-reflectance signal due changes in sample semiconductor optical

response induced by the change in pump beam polarization state. As used herein, the

( photoreflectance signal is photo-induced changes in the semiconductor optical response,
and the linear reflectance signal is the difference in the linear reflectivity of the "s" and
"p" components of polarization,

25 The underlying principle of the polarization modulation photo-reflectivity
technique is to characterize the photo-reflectance spectra associated with semiconductor
quantum confined structures, and to derive critical point parameters associated with
quantum confined structures such as excitonic resonance energies and spectral widths.
Critical point parameters generally characterize the “active” electronic properties of

30  quantum confined structures. Excitonic features are enhanced in the presence of quantum

confinement and characterize the splitting of the “light-hole” and “heavy-hole” excitons

10



( are the well-known photo-reflectance spectra (Aspnes, 1980; Shay, 1970).
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scans at laser powers of 3 mW, 6 mW, 9 mW, and 12 mW. The linear reflectance
background has been removed using a polynomial fit. The data is scaled with increasing
laser power and curves are included to guide the eye. In these scans, the PMPR spectra
20  shows derivative structure at “heavy-hole” and “light-hole” excitonic positions. This
feature of polarization modulation photoreflectivity also makes it ideal for the
characterization of strain, since the major effect of uniaxial stress is to shift and split the
excitonic features. Each curve is analyzed using the lineshape of AR/R (Aspnes, 1980),
which reveals a redshift of the excitonic energy Eg as laser intensity is increased.
25  Excitonic positions derived from this data are shown in FIG. 6. The excitonic widths are
essentially independent of laser intensity. The total redshift for either the light hole or the
heavy hole is approximately 5 meV. For quantum well test structure, excitonic redshifts
of approximately 1 meV per 6 kV/cm internal electric field are expected. This shift is
due to space-charge separation of photo-excited carriers. Thus, the observed shifis are
30 indicative of internal electric fields approximately 30 kV/cm in magnitude. Such fields

can also be directly measured by photo-reflectance using the above bandgap Franz-
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—are shownin FIG "6. The excitonic widthsS are essenti a

di rensionality of the resonance (Aspnes, 1980). Due to the dependence of
excitonic optical response on input polarization, anplitude analysis nay be
used to quantify anisotropies in the polarization nodul ation
photo-reflectivity techni que. However, the 10 oscillator energy, Eg, and the
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determine interfacial electric _
conditioned signal is then passed to the computer, which stores AR/R as a function of

laser parameters. The linear reflectivity contribution to the AC signal is removed by a fit

20  to the slowly varying linear reflectivity background. Thus, the polarization modulated
photo-reflectance arrangement characterizes the polarization modulated photo-reflectance
signal as a function of laser intensity and laser wavelength.

As to a further discussion of the manner of usage and operation of the present
disclosure, the same should be apparent from the above description. Accordingly, no

25  further discussion relating to the manner of usage and operation will be provided.

With respect to the above description then, it is to be realized that the optimum
dimensional relationships for the parts of the disclosure, to include variations in size,
materials, shape, form, function and manner of operation, assembly and use, are deemed
readily apparent and obvious to one skilled in the art, and all equivalent relationships to

30  those illustrated in the drawings and described in the specification are intended to be

encompassed by the present disclosure.
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fields fromline-shape analysis. Thus, this disclosure is suitable for the
characterization of the polarization 5 nodul ated photo-reflectance as a
function of laser intensity and | aser wavel ength. A tunable diode | aser
provides the optical intensity needed to induce changes in the optical

response of se ductor_, quantuym confin ructure t 0, space-charge
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provi des, as output, an AC S|gnal proportlonal to the 15 sumor difference
of sanple "s" and "p" reflectivities. The photoreceiver AC signal is
normal i zed by t he DC photocurrent. The AC signal is provided to the signal
conditioner, which perforns bandwi dth |imted detection at the EO

nodul ation frequency. The <conditioned signal is then passed to the

conput er, which stores AR/R as a function of |aser paraneters. The linear
reflectivity contribution to the AC signal is renmoved by a fit 20 to the
slowy varying linear reflectivity background. Thus, the polarization
modul ated photo-refl ectance arrangenent characterizes the polarization
nodul at ed photo-refl ectance signal as a function of |aser intensity and

| aser wavel ength. As to a further discussion of the manner of usage and
operation of the present disclosure, the sanme should be apparent fromthe
above description. Accordingly, no 25 further discussion relating to the
manner of usage and operation will be provided. Wth respect to the above
description then, it is to be realized that the optimum dinensi onal

rel ationships for the parts of the disclosure, to include variations in
size, materials, shape, form function and manner of operation, assenbly
and use, are deened readily apparent and obvious to one skilled in the art,
and all equivalent relationships to 30 those illustrated in the draw ngs and
described in the specification are intended to be enconpassed by the
present discl osure.

£

13



12 Therefore, the foregoing is considered as illustrative only of the
principles of the disclosure. Further, since nunmerous nodifications and
changes will readily occur to those skilled in the art, it is not desired
tolimt the disclosure to the exact construction and operation shown and
describedg qu gccordingly, all suitable nodifications and 5 equivalents
may be re o, falling within the scope of the disclosure. | 13

Ref er encesl 8. Patent Bat@ntntocunent s: 6, 195, 166 2/ 2001 G ay
.................... 356/ 477 5 4,931,132 6/ 1990 Aspnes

................. 156/ 601 3,982,207 3/1975 Dingle ..................331/94.5

10 O her E’;}Bé’gg ;[IC %@AP t onodul at ed rﬁé(‘ﬁgt ance study of |InGaAs/ GaAs/ Al As

m crocavi vi t Y surface eni | aser structures in the

weak- cpupl i ng regi me: The cavity/ground-state- exciton resonance,” P. J.
Klar et al., Phys. Rev. B 59, 2894 (1999). 15 "Room Tenperature, Contactless
El ect ronn@9BadB3n 6AMOGt | ghdpnen..of .. Waf.erl5%6760dd Quantum Wel | Laser
Structures,"” F.H Pollack et al., SPIE vol. 2693, pp. 455-466 (1996).
"Observation and anal ysis of epitaxial gromh with reflectance-difference

spect r oscgjygy 0720 3R 975. Abi@gm,....l\/ﬁt.@r.-...ﬁqi/94.§ng- B30, 109-119 (1995). (
"Modul ati on Spectroscopy of Sem conductors and Sem conduct or

M crostructures,” F.H Pollack, in Handbook on Sem conductors, Vol. 2,
edite byﬁéﬁ!& ?hﬁa ski, pp. 527-635 (North-Holland, Ansterdam 1994). 25
" Phot of ef FetFaANCE MUYy of phot ovol tage effects in GaAs diode structures, "
("V. M  Airaksinen and H K Lipsanen, Appl. Phys. Left. 60, 2110 (1992).

“Photomodulated reflectance study of InGaAs/GaAs/AlAs microcavity vertical-cavity
surface emitting laser structures in the weak-coupling regime: The cavity/ground-state-
exciton resonance,” P. J. Klar et al., Phys. Rev. B 59, 2894 (1999).

15
“Room Temperature, Contactless Electromodulation Investigation of Wafer-Sized

Quantum Well Laser Structures,” F.H. Pollack ef al., SPIE vol. 2693, pp. 455-466 (1996).

“Observation and analysis of epitaxial growth with reflectance-difference spectroscopy,”
20  D.E. Aspnes, Mater. Sci. Eng. B30, 109-119 (1995).

( “Modulation Spectroscopy of Semiconductors and Semiconductor Microstructures,” F.H.
Pollack, in Handbook on Semiconductors, Vol. 2, edited by M. Balkanski, pp. 527-635
(North-Holland, Amsterdam, 1994).

25
“Photoreflectance study of photovoltage effects in GaAs diode structures,” V.M.
Airaksinen and H.K. Lipsanen, Appl. Phys. Lett. 60, 21 10‘(1992).

“Photoreflectance and the Seraphin coefficients in quantum well structures,” X.L. Zeng
30  etal, SPIE vol. 946, pp. 43-47 (1988). |

14



"Phot orefl ectance and the Seraphin coefficients in quantumwel|l structures,”
X.L. Zeng 30 et al., SPIE vol. 946, pp. 43-47 (1988). 14 "Photorefl ectance
characterization of interband transitions in GaAs/Al GaAs nmultiple quantum
wel | s and nodul ati on-doped heterojunctions,” O J. denbocki et al., Appl.
Phys. Letft, 6, ~970-97 1985). 5 '.Stron ol.ari zati on- sitive

el ect roabs%]i’%f’fegﬁcﬁaﬂce(éﬁﬁqc?%l&%w %&ﬁf%ﬁﬁdﬁﬁl&%ﬁd&%ﬁ@?ﬂmfﬁ@%i ner et
at, Appl . giatem wélstandhodulakibB=dbhe@nétdRPRktiond 2OIE G1ERABHEIE FPEL A 1S
nonlinearity in GaAs/ Ga(1l-x)AlxAs multiple quantumwell structures,” D.A B.
M Il er etPhys. Lefpfh, O7TOH/2. (1880t . 41, 679-681 (1982). 10 C "Mdul ation
Spectroscopy,” D. Aspnes, in Handbook on Sem conductors, Vol. 2, edited by
M Bal kanski, pp. 109 (North-Hol |l and, Ansterdam 1980). "Photorefl ectance

Li ne Sslapesabn% 2R RRRAIRA BV @R absbrblidd ARG As/GRAR S quhntum WRY, 15 Phys.
Rev. B 2, 803-807 (1970). "Franz-Kel dysh Effect Above (%he Fundanent al Edge

i n Ger maniwaveguiBes) J.SeWapier af alnd\ppR PBys Hetts 47, A¢8-1158 (1985t t . 14, 138- 140
(1965). I 15 Il dainms: 1. A nethod of determ ning physical characteristics
of a sem conductor quantum confined structure, the nmethod conprising the

steps of : «@hrdelrbiiiliBAbEAfréRofiRA iR in TAWEAES) Bk A& MERbRAMHGhPHIBE er i al
5 wherein the sem conductor materi al conprises one or nore quantum confi ned

st r uct ur estrugtutds,”sD iaB eMaleytehal U] Rhylsaket. 4beGin-631v(18§2)a cent er wavel engt h
near bx to at least one "critical point" in the optical response of a
sem coflduct or guantum confined structure, wth a wavel ength tuning range of

ppr oxi matelodulatioR BREtreHcBRY, 2D, ARPEbsUR MehdBobPERSemRBhductrd eVl 2 Additall Cr ons
r less, wherein thé | aser beamis passed through an el ectro-optic

by M. Balkanski , pp. 109 (North-Holland, Amsterdam, 1980).

“Photoreflectance Line Shape at the Fundamental Edge in Ultrapure GaAs,” J.L. Shay,
15  Phys. Rev. B 2, 803-807 (1970).

“Franz-Keldysh Effect Above the Fundamental Edge in Germanium,” B.O. Seraphin and
R.B. Hess, Phys. Rev. Lett. 14, 138-140 (1965).

15



/ ™

10 phase nodul ator operating at or above 1VMHz frequency to achieve

nodul ation of the polarization state of tunable |aser beamprior to
illum nating the quantum confined structure; b) recording the reflected
alternating current light fromthe illum nation of the quantum confi ned
structur@,.mherein the alternating current light 15 contains one of the
phot o- i changes in the sem conductor optical response, known as the

phot orefl ectapnce signal, and the difference in the linear ref|lectivity of

the "s" and bp" cOnBeH©d: of detepaining Physied, charasigisties her Pemisardycidr| ect ance
signal o . | : the tuning range of the
| aser so‘i}}a?gﬁﬁg?ﬁﬁs%eg%@g&gegﬂ}%ﬁ%gﬁ Q%T&m%%‘\g%g%%?gﬁﬁnf ormation in the
vicinity of critica poilluhsinatihgt e ar&0 ob i swddcer 8 posdtic@idutioe mastiglonduct or
guant um conf | ntgd structure; d) repeating steps a) and b) across the power
range of Whefen the spmicengucior maferal Gasnprisey eng of MOEhYANIm SoRfined: STHRUFH t he

vicinity. Lt ' ' ' ' uct or
aquant um S Rl eRtn ARG Susck oLl 8 RhE S epick BRPORIE Hea) o R Feps
c) and/ ofcriikcalt poidgtiacthe opficidhgspoasd of haembdoaducdr ganaim tcbefimpdagttustareonf i ned
structure, 2. Thf thod as defijned in claim1, wherein_the quantum confined

st ruct ur W¥h@gvaye upng sms Qi gprigEandteln I &r gxeater. @od asmgsr ol ABetum
i res, ' ] f.acial 4l .3 hod
Ut rea TSP 30l SLRIL MBS Stk BLSA 35kl SR an BBl T 72

defined in c erel n wave ormatiron I recor
a quEnt uphase mhodidatos bperating &t anabdveel MiHaef¢quesdyl e hchiee spédlbtionrof she 16

~renoved fromthe polarization nodul ati on photoreflectance data using a fit

“to the |Poladzationestpigcelafinablealeresr brsr prigr tondumimatiss the quantuge gonhngd aji m 1

wher ei n c%gngth information is recorded related to critical points
associ ated W th quantum confined structures, and is 5 used to derive

critical point posbyionrecotting, thenmeflédett, alt@pestingal cudedt hliglendtomr tikhase
gf‘reg{rf ,t girlhngijlg-imleoge tﬁeh%gaftﬁmdggnlﬁrr]le s&gc&e?lgfléei%m&reeél&r&ﬁ\ﬁgl éju(?‘re(rjl%c liI 1:[ er nal
15  contains one of the photo-induced changes in the semiconductor optical response, known
as the photoreflectance signal, and the difference in the linear reflectivity of the “s” and
“p” components of polarization, known as the linear reflectance signal or both;
) repeating steps a) and b) across the tuning range of the laser source
of step so as to collect wavelength information in the vicinity of critical points in the
20  optical response of the semiconductor quantum confined structure;
d) repeating steps a) and b) across the power range of the laser source
so as to collect intensity information in the vicinity of critical points in the optical
response of the semiconductor quantum confined structure; and
€) using the information collected in steps c) and/or d) to detect
25  physical characteristics of the quantum confined structure.

2. The method as defined in claim 1, wherein the quantum confined
structures comprise semiconductor quantum wells, semiconductor quantum wires,
semiconductor quantum dots, or interfacial layers.

3. The method as defined in claim 1 wherein wavelength information is

30  recorded related to a quantum confined structure and the linear reflectance spectrum is
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Is derived. 6. The nethod as defined in claim4 wherein changes in critical
point 10 paraneters as a function of laser intensity are determned. 7. The
met hod as defined in claim6, wherein changes in critical paraneters as a
function of laser intensity are used to predict the behavior of a quantum
confined r . | ' 110 final
devi ce | é‘m@%\%f%?ﬁé%g Bg%@% ﬁggﬁg'g&gé#‘ﬁﬁ%h el&%&%l (iaailtam{?%n%v%g{rtgé Eheéﬁrge%es I n

i nt er f acreflectinae ackgtdundensity or interfacial electric fields are correl ated
to changes in critical pQint paraneters. The met hod as defined in claim

9. . . .
1 wherei n wavét engtihei metiofads defined ineelaim g wherein svpvelsngtcinf@mationdat ur es
associ at 1 c0nf | , Cl ' 1.1 1 ons
and spii froohadreHaTe CHERH e, deHibd i oo bOSACIRRGS B A
wavel gngtused xd derivd icitical spoiROpdsitta, dhgpd, ngilibslie! Sp&xal WaMhe ahdasupese
associated wth quantum confined structures, and the excitonic anplitudes
are deri P8#Mer41. The nethod as defined in claim9 wherein performng a

val ue of 'Straln 1S lSpLGA g A2ingf JIRHIOGNASHIELAEC Bl 81 JTA. st € 1

the | aser beamillumna sem con eri a an angl e of

i nci dences édriveliout 45. 13. The nmethod as defined in claim1, wherein the
pol ari zati on nodul ated |I|ight conprijses_a conponent of polarizatjon,

per pendi cul ar %o t hies apfdefiped g shytmoAddwhersin ghanges dn akigah PebYponent

14. The efi ne e data is used to extract

“information rélat ediHeomtthed phdefinddeinl dgitrme,cehapaahatges ah ctitieal pasanbdtens
“confined struyctyre, . 17 the photo-refl ectance spectrumconsisting of the

pol ar i zat® Sniussten af faser utsnsdy Aeppsed togypdist thedrehaviar gt a suantuEbeimined

structur trug reo%ﬁglﬁr H&Figéﬁ Al &d}n‘gﬂidn@, pf@e%&ﬁn%@ﬁ@é%%ﬂﬁ)l&gf | ected beam
8

of pghar ir?éﬁ%eg&gggg%%Ac(ﬁlogto?}f{sgﬁelg?%gigf&\%hdg{regnﬁﬁghserri conductor naterial. 30

I S passe ap | zat1on beamsplitter prior t erng recorded.
The method as defined in claim 6 wherein changes in interfacial charge

15  density or interfacial electric fields are correlated to changes in critical point parameters.
9. The method as defined in claim 1 wherein wavelength information is
recorded related to excitonic features associated with quantum confined structures, and
the excitonic positions and splitting are derived.

10.  The method as defined in claim 1 wherein wavelength information is

20  recorded related to excitonic features associated with quantum confined structures, and
the excitonic amplitudes are derived.

11.  The method as defined in claim 9 wherein performing a value of strain is
derived.

12.  The method as defined in claim 1, wherein the laser beam illuminates the

25  semiconductor material at an angle of incidence of about 45°.

13.  The method as defined in claim 1, wherein the polarization modulated
light comprises a component of polarization perpendicular to the surface of the
semiconductor material and a component of polarization parallel to the surface of the
semiconductor material.

30 14.  The method as defined in claim 1, wherein the data is used to extract
information related to the photo-reflectance spectrum of the quantum confined structure,
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5 16. The nethod as defined in claim1, wherein the sem conductor materi al
conprises a group I11-V sem conductor material. 17. The nethod as defined in
claim1l1, wherein the sem conductor material conprises gallium arsenide,

gal l ium al um num arsenide, galliumnitride, alum num nitride, gallium
phosphi de,, indi.umgallium arsenide,. I.ndi ant i nonj.de, or conbi nations 10
thereof . 1§ B&%Bﬁ?@?%@c? Osrpemcqopﬁan%yg {1‘13%&014{&?%%‘% é’ll(?‘%"gart{?no?mé"tmplc

sem condugdsponse@ &Y iR EIITREd StmdtadeUr €, conprising: a wavel ength tunabl e
di ode | aser; a |aser controller effective to ﬁerform power and wavel ength

scans; 15 a pdwer Jligphsthedandefingd|ia dams lpwhereinothe reflestedbednadepassed

pol ari zat | t ulator ef.fective to prod phase nodul ation of a

| i ght beg%]g?@l o%‘g(?]ﬁg?aslggg’re ?mﬁRﬂ%%'tHn@ﬁFO ]%ei}gé)gei’f?%&ect ive to direct |ight
reflecsed fromia sarmpeenéthb® a3 deRBQE & Bfafth VI whetlin 3h® ROMRORESIHNCMateff | gur ed

to generate an electrical current proportional to the input intensity; ( a
si gnal conelprisaser srewh HEM ssthicandueiopmdteriab phot or ecei ver output; and a

conputer with sur.enent .. and temcontrol software. 19. The a ratus of
claim18, wherei'n t e|‘8§%?g68%ﬁn?‘£}%5%}‘83‘rﬁi‘ﬂ%‘i’%%ﬁ“fsmﬂgﬁﬂ ﬁﬁg@ﬂ"’%ut
wavel engt BsmPANsb¥allidma brsbas, ﬁﬂﬁﬁmc biubdif@h R9¢Mde, OfalRurfl UMD alf@ifunned
sem conduct or structure. 20. The apparatus of claim 18, wherein the

pol ar i zat niridetgallamerpbesphider indbongallismsarsenidel ndiun antpnprid¢,EO)coptbimstions
nmodul at or ﬂ%oas on the Pockel's effect driven by an external function
gener at or 8821, The apparatus of claim 18, wherein the optical system

T2 o P IR G S a3 enonla 10
quantum confined structure, comprising:

a wavelength tunable diode laser;

a laser controller effective to perform power and wavelength scans;

15 a power supply connectable to supply power to the laser;

a polarization state modulator effective to produce phase modulation of a light
beam from the laser;

an optical system effective to direct light reflected from a sample into a
photoreceiver;

20 a photoreceiver configured to generate an electrical current proportional to the
input intensity;
( a signal conditioner connected to record the photoreceiver output; and
a computer with measurement and system control software.
19.  The apparatus of claim 18, wherein the laser power is approximately
25 15mW with output wavelengths nearby to at least one critical point of a quantum
confined semiconductor structure.

20,  The apparatus of claim 18, wherein the polarization state modulator
comprises an electro-optic (EO) phase modulator based on the Pockel's effect driven by
an external function generator.

30 21.  The apparatus of claim 18, wherein the optical system comprises a

polarization beam splitter.
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conprising one or nore quantum confined structures. 23. The apparatus of
claim 22, wherein the sem conductor material conprises a vertical cavity
surface emtting laser. 5 24. The apparatus of claim 22, wherein the

sem conductor material is a Goup 11-1V sem conductor material. 25. The
apparatus of chai m Ak .Mheis! Br bl S8REARYGHALRR eI AboRARE ifial
silicon, gernmani'um 'sili*con gernani uni carbon, “silrcon carbi de, zinc oxide,
zi nc sul foodgyrisingaieion me ghanten coafimsdumustitani de, or conbi nations thereof.

10 26. The apparatus of claim_22, wherein the sem conductor nateri al
conprises a .er . Vhegapparatus of claim 22, wherein the semiconductor material comprises

a vertical cavity surface emitting laser.
5 24.  The apparatus of claim 22, wherein the semiconductor material is a Group
II-IV semiconductor material.

25.  The apparatus of claim 22, wherein the semiconductor material comprises
silicon, germanium, silicon germanium, carbon, silicon carbide, zinc oxide, zinc sulfide,
cadmium sulfide, cadmium selenide, or combinations thereof.

10 26.  The apparatus of claim 22, wherein the semiconductor material comprises

a wafer,
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