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1. Introduction 

Condensed matter optical microresonators display a wide variety of interesting 

behaviors and are suited to many applications. For example, the modification of 

electromagnetic modes in microcavity resonators is the basis for the design of 

semiconductor lasers [1-3] which rely on strong cavity quantum electrodynamic effects. 

Incorporation of an absorbing material within a cavity bounded by mirrors leads to 

modifications in both the amplitude and phase of the optical wave modes. A small number 

of modes of the optical field can be isolated with careful control of the cavity geometry and 

size. Other microcavity devices such as electro-optic modulators [4,5], SEEDs [6,7], and 

photorefractive multiple quantum wells [8-10] all utilize cavity effects, yet are not generally 

described in terms of microcavity resonators. 

Photorefractive multiple quantum well devices are promising candidates for optical 

switches and have the advantages of high speed and low incident light intensity operation. 

As a consequence of the thickness of these structures, typically in the range of 1-4 um, 

strong Fabry-Perot effects are present. A multiple quantum well microcavity sandwiched 

between unequal reflector interfaces can operate as a perfect absorber of light despite the 

fact that the thickness of the active region is only on the order of one absorption length. 

This is due to the microcavity effects which modify the optical modes and the density of 

states within the cavity such that the probability for absorption increases to unity. 

Photorefractive-induced index and absorption gratings cause additional modifications in the 

propagating optical modes and subsequent enhancement in photorefractive four-wave 

mixing performance. 

Diffractive performance in these structures depends heavily on the orientation of the 

beams relative to the cavity surface. Modeling of photorefractive quantum well 

microcavities in various reflector geometries has yielded interesting resonance interactions 

possibly including mode-coupling and Rabi splitting. The diffraction efficiency of these 

devices operating in reflection can be enhanced above that obtained for anti-reflection- 

coated multiple quantum well devices where Fabry-Perot effects are not present. Careful 

control of the cavity dimensions yields quenching of the intensity of the zeroth order 

diffracted beam below that of the first order beam[9]. In principle, control of the relative 

magnitudes of the various diffracted orders may be achieved. 

Alternative semiconductor microcavity structures promise to yield many interesting 

behaviors. A novel quarter-wave semiconductor mirror is predicted to have similar 

maximum diffractive performance to the photorefractive multiple quantum well Fabry-Perot 

devices without the associated insertion loss. Temperature tuning of the exction resonance 



can also be used to explore the cavity-resonance enhancement effects predicted by 

numerical modeling. 

2. Advancements in Device Processing 
Most potential applications of the MQW ASFP's require improved surface quality. 

In particular, surface scatter can be a problem in imaging systems, such as for biomedical 

applications [11]. Several new chemical etching techniques were explored in order to 

achieve this goal. A pressurized chemical jet has been successfully used in other 

applications to achieve better surface quality [12]. We modified this chemical etching 

technique for use in an ultrasonic agitator. Since the agitator facilitates removal of the 

oxidized GaAs material, the standard chemical solution of 19 H202:l NH4OH did not have 

a high enough concentration of the oxidizer, H2O2. Several reagent ratios were examined 

in order to achieve optimum etching with the best performance coming from a solution of 

66 H2Ü2:3 NH4OH. Combined with ultrasonic agitation, this solution yields greatly 

improved surface quality and decreases surface scatter dramatically with the additional 

bonus of preferentially etching edges. For low temperature grown (LTG) devices this 

helps to remove any remaining non-insulating etch-stop material that might be left behind 

after standard processing. Unfortunately, this etching technique causes pinholes that, 

while unimportant in the transverse-field geometry, are fatal to the operation of the 

longitudinal-field devices. Additional studies of other etching techniques and/or solutions 

are needed to improve the surface quality of the longitudinal-field devices. 

The use of titanium/gold contacts has shown promise in creating more uniform 

contacts by increasing the mechanical adhesion of the gold to the GaAs. Preliminary 

results in the transverse-field geometry showed that a square-wave AC applied field yields 

no electro-optic signal in devices with Ti/Au contacts, indicating symmetric contacts. Sine- 

wave fields yield the usual electro-optic response. Unfortunately, further studies showed 

that while a larger electro-optic response was generated in devices with Ti/Au contacts, the 

device-to-device uniformity was not as consistent as we had hoped. In order to circumvent 

these problems, several alternative methods of device fabrication and testing were 

examined, including thermal tuning of the exciton resonance, and terracing of a single 

sample with a single set of electrodes into sections of different thicknesses. 

A new processing technique has also been developed for the longitudinal-geometry 

devices to improve their response to electric fields [13]. This process combines mesa- 

etching of the edges of the devices as well as placement of one electrical contact on a mesa 

of GaAs. 



3.  Longitudinal-Field-Geometry  Devices 

The fabrication of a large area longitudinal-field device requires more detailed 

processing than a transverse-field device to prevent electric field breakdown. LTG multiple 

quantum wells have been utilized to achieve a working longitudinal-field device with no 

non-semiconductor layers. The advent of new growth techniques has led to the ability to 

grow GaAs at low temperatures with good quantum confinement of the excitons [14]. 

LTG GaAs is semi-insulating as grown [15]. This is an advantage over standard 

temperature grown (STG) material which, because of the 3-4 (im thickness of a 

longitudinal-field device, is more difficult to make fully semi-insulating. LTG material also 

has a higher breakdown threshold and therefore lower leakage currents than STG GaAs. 

LTG MQWs coupled with the new fabrication technique dramatically increase the ability to 

hold off large electric fields of 100 kV/cm. 

3.1. Shallow Quantum Wells 

Initial device characterization was performed on a structure consisting of shallow 

Alo.06Grao.94A.s/Alo.i60rao.84As quantum wells. The shallow quantum wells provide high- 

mobility vertical transport and sufficient quantum confinement for a strong electro-optic 

response, but do not produce a Stark shift. The device yields a differential transmission of 

nearly 100% for an applied field of 100 kV/cm as shown in Fig. 1. 
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Fig. 1 Differential transmittance vs. wavelength for a longitudinal-field shallow quantum 

well device with a 100 Hz square wave applied field. 



We fabricated shallow quantum well fully-asymmetric Fabry-Perot devices with high 

reflectors of gold, but shorting of the p-i-n region through pinholes hampered the 

performance of the device. The gold reflector may also have played a role in screening the 

space-charge field that is developed within the device. 

3.2. Quantum Confined Stark Effect MQW ASFPs 

At high fields the QCSE yields larger electro-optic effects than the field-broadening 

responsible for the electro-optic response of the shallow quantum wells. In order to take 

advantage of the larger electro-optic effects, a LTG longitudinal-field quantum-confined 

Stark effect (QCSE) device was grown. The structure consists of GaAs/Alo.3oGao.7oAs 

quantum wells with LTG Alo.5Gao.5As buffers [13]. 

3.2.1. Hybrid Transmission/Reflection Geometry 

Fig. 2 shows results on the QCSE device operating in the glass-first hybrid 

transmission/reflection geometry [8]. A differential transmittance of 25% and a differential 

reflectance of 4% were obtained for a 100 Hz square-wave applied field of 50 kV/cm. 
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Fig. 2 Differential reflectance and transmittance vs. wavelength for a quantum-confined 

Stark effect photorefractive multiple quantum well with all beams incident glass-first. 

The results of degenerate four-wave mixing experiments for the glass-first incident 

geometry are shown in Fig. 3. 
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Fig. 3 Reflection and transmission intput diffraction efficiency vs. wavelength for the 

hybrid QCSE ASFP. 

An output diffraction efficiency in reflection of lxl 0~4 , shown in Fig. 4, was obtained at 

an applied field of 75 kV/cm. The hybrid device shows a four-fold enhancement of the 

diffraction efficiency near the heavy-hole exciton at a field frequency of 1.4 kHz. A 

comparable, frequency independent, output diffraction efficiency is seen at the 871.5 nm 

Fabry-Perot resonance due to the near zero-reflectivity condition achieved at that 

wavelength. 

This is the first demonstration of operation in reflection for a longitudinal-field 

geometry PR-MQW device. The low diffraction efficiency and differential reflectance are 

attributed to non-ideal field response and a Fabry-Perot resonance located 27 meV from the 

heavy-hole exciton. Such large Stark shifts are not attainable at the low applied field 

strengths of 50 - 75 kV/cm used in the experiments. 
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Fig. 4   Reflection output diffraction efficiency vs. wavelength as a function of field 

frequency for the hybrid QCSE device. 

Several problems with device fabrication, resulting in low device yield, are still to 

be addressed. These include strain, shorting through pinholes, and contact technology. 

New processing techniques which may alleviate these problems are currently under 

investigation. We expect that refinements in processing techniques will lead to higher 

device performance by increasing device yield and allowing the application of larger electric 

fields. 

3.2.2. Fully Asymmetric Fabry-Perot 
The deposition of a high reflectivity dielectric coating allows operation in a fully 

asymmetric Fabry-Perot configuration. Numerical simulations show that ultimately, a 

QCSE fully asymmetric Fabry-Perot MQW device should yield the highest input diffraction 

efficiency for a MQW device [10]. Fig. 5 shows the diffractive performance of the fully 

asymmetric QCSE geometry device operating in reflection. 
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Fig. 5   Experimental degenerate four-wave mixing input diffraction efficiency vs. 

wavelength for a QCSE fully asymmetric MQW. 

The diffraction efficiency is more than an order of magnitude below the best 

predicted performance. Explanations for this may include field screening by the dielectric 

coating and electrical shorting. Related work has shown enhanced diffractive performance 

in longitudinal devices operating in a transient time response mode[13]. No significant 

transient time response has been seen in our reflection devices. Ongoing work is 

examining possible explanations. 

4. Semiconductor Microcavities 

4.1. Quarter-wave Semiconductor Mirror 
To date, the largest predicted diffraction efficiencies for photorefractive multiple 

quantum wells (MQWs) have been for longitudinal-field quantum-confined Stark effect 

devices utilizing the multiple beam interference effects of asymmetric Fabry-Perots 

(ASFPs)[10]. We have modeled a novel alternative device, a quarter-wave semiconductor 

mirror, that yields similar theoretical diffractive performance to ASFP's without much of 

the associated insertion loss. A quarter-wave photorefractive mirror operates in a high 

reflectivity region and does not require the careful control of surface quality and Fabry- 

Perot resonance placement necessary for optimum operation of a MQW ASFP.   The 



device, shown in Fig. 6, is similar in construction to stratified volume holographic optical 

elements [16,17] except that it consists of alternating quarter-wave optical thickness layers 

of a non-absorbing spacer and a photorefractive material. 

Optically Inert 
Spacers 

Holographic 
Recording 

Layers 

Fig. 6 Structure of a quarter-wave semiconductor mirror. 

The longitudinal-field quarter-wave mirror modeled here is made up of AlAs 

spacers and photorefractive layers each consisting of several GaAsZAlo.3Gao.7As MQWs. 

Such a device would retain the speed and ultra-low light power requirements of 

photorefractive MQWs without the need for epitaxial lift-off or substrate etching. 

4.1.1. Transfer Matrix Theory 
The reflectivity of the quarter-wave mirror is modulated by the field-induced 

changes in absorbance and refractive index of the MQW layers, and was calculated using 

the transfer matrix method [18], extended for use with absorbing layers [19]. In this 

method, a matrix is defined for each material interface. Successive multiplication of the 

layers allows calculation of the reflectance of the device. The following matrices describe 

the AlAs/GaAs substrate interface (A), the AlAs/MQW interface (B), and the air/AlAs 

interface (C). 

expO'M) (1 + Vfc2)      expHM) (1 - Vfc2) 

expO'M) (1 - VfcJ      exP( ~ik^ C1 + Vfc,) 

B = 
exp(ik2b) (1 + V^)      cxV(-ik2b) (1 -ki/ki) 

exV(ik2b) (1 -k2/ki)      cxV(-ik2b) (1 +yfci) 



c=^ 
exp(/fc 1ä)(l+ki/k)      exp(-z'fcla) (1 - *i/k) 

exp(/fc!fl) (1 - ki/k)      exp( -ifcla)(l+ki/k) 

Here, the kj's are given by 

The matrix multiplication proceeds as 

M=CB(AB)N~l 

where N is the number of Bragg stack periods. The reflectivity of the device is given by 

R = IM2i/Mnl2 

where the matrix M has components 

M 
M 11 M 12' 
M21       M22J 

A Stark shift of -20 meV/(100 kV/cm)2 corresponding to Ace = 3300cm-1 was used in the 

simulations. Other parameters are given in Table I. Index changes were calculated from 

the absorption changes through the Kramers-Kronig relations. Since the total device 

thickness is on the order of 2 - 4 (im, the diffraction efficiencies were calculated in the 

Raman-Nath regime following the method of Ref # 10. 

Heavv  Hole Light  Hole Continuum 

<XHHo = 9000 cm"1 «LHo = 4000cm-l aco = 8000cm-l 

AaHH = -3300cm"1 AotLH = -1400 curl Aac = 0.000 cm-1 

QHHo= 1-475 eV «LHo= 1-490 eV QCo= 1.475 eV 

AQHH = -0.020 eV AQLH = -0.020 eV AQc = 0.000 eV 

rnHo = 0.0035 eV TLHO = 0.0045 eV Tco = 0.0060 eV 

ArHH = 0.0020 eV AITLH = 0.0025 eV Arc = 0.0020 eV 

Table I.   Quantum-confined Stark effect MQW parameters used for modeling of a 

photorefractive quarter-wave mirror. 



4.1.2.  Theoretical  Results 
Fig. 7 shows reflective and lst-order diffractive performance for the quarter-wave 

mirror described above with AlAs and MQW layer thicknesses yielding a center 

wavelength, A,0, of 845 nm. Although the field-induced reflection modulation is not large 

at the operational wavelength of 845 nm, the presence of index and absorption gratings 

causes a 20% decrease in the reflectivity. Peak diffraction efficiency occurs at a 30% 

reflectivity condition, rather than at the anti-reflection condition for an ASFP. 

860      880      900      920 

Wavelength (nm) 

Fig. 7 Calculated reflectance under zero and maximum applied field (dashed lines) and in 

the presence of photorefractive gratings (solid line) for a 30 period mirror consisting of 

AlAs spacers and GaAs7Alo.3Gao.7As MQWs centered at A,0 = 845 nm. 

A first order, or input, diffraction efficiency of 2%, shown in Fig. 8, is predicted. This 

diffraction efficiency is comparable to that predicted for a QCSE ASFP operating in 

reflection. 
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Fig. 8 Simulated input diffraction efficiency vs. wavelength for a photorefractive quarter- 

wave mirror and a QCSE ASFP. 

The input diffraction efficiency is relatively constant over a large range of the mirror center 

wavelength as shown in Fig. 9. As a result, small variations in refractive index due to 

uncertainties in aluminum fraction during growth of the layers have little effect on mirror 

diffractive performance. Systematic shifts in the mirror period are also not as critical as in 

standard distributed Bragg reflectors since the operational bandwidth is relatively large. A 

final advantage of this device would be that substrate removal and etching to obtain a 

favorable cavity resonance are not required. Preliminary experimental examination of this 

type of device is currently underway. 
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Fig. 9 Maximum calculated input diffraction efficiency vs. wavelength for quarter-wave 

mirrors of various center wavelengths and ASFPs at various cavity resonance conditions. 

4.2. Resonance Interactions 
Semiconductor planar microcavities are optoelectronic structures in which the 

quantization of both electronic and electromagnetic modes must be considered on equal 

footing[20]. Normal-mode coupling between exciton modes and cavity modes in short 

cavities produces Rabi splitting of the exciton-cavity resonances, which is observable in the 

reflection and transmission spectra of high-Q cavities[21]. In this section, we describe 

dynamic holography experiments on low-Q cavities [10] that possess many of the features 

of normal-mode coupling. In addition to enhancing the diffraction efficiency from these 

devices, residual normal mode coupling may be observable in the diffraction spectra. 

Semiconductor asymmetric planar microcavities exhibit enhanced diffraction in dynamic 

holography when the cavity resonance is tuned near the exciton resonance. The 

enhancement is a residual effect, in these low-Q cavities, of normal-mode coupling and 

Rabi splitting. 

12 



4.2.1. Asymmetrie Short-Cavity Fabry-Perots 

An asymmetric short-cavity Fabry Perot [10], also called a "half-cavity [22], is a 

thin film with a high-reflector on one face, and the natural reflectance of the semiconductor 

surface on the other. Because of the low surface reflectivity of GaAs (30%), these 

asymmetric cavities are low-Q cavities, and have not been considered as "microcavities" 

with observable coupling between cavity and exciton modes. However, we show here that 

when performing dynamic holography in reflectance on these low-Q cavities, it may be 

possible to identify the individual photon and exciton branches, and to identify a normal- 

mode splitting that is comparable to the Rabi splitting observed in high-Q cavities. 

A numerical simulation of the diffracted signal in reflectance from an asymmetric 

bulk GaAs cavity is shown in Fig. 10 along with a schematic identifying the photon and 

exciton branches. The contour scale is logarithmic, demonstrating an order of magnitude 

enhancement of the diffraction near the crossing condition. The sample thickness, around 

1 micron, is macroscopic by microcavity standards, but two distinct diffraction maxima are 

observable when the cavity resonance is tuned close to the excitonic transition wavelength. 

The splitting between these peaks is on the order of 10 - 15 meV (Q = 400 - 600 fsec), 

which is comparable to the vacuum Rabi splitting calculated from Savona et al [23]. 

Therefore, although the residence time of the photon in this bulk low-Q cavity is only 20 - 

40 fsec, normal-mode coupling and splitting should still be identifiable experimentally in 

the cw four-wave mixing spectra. Because of the high sensitivity of four-wave mixing to 

nuances in the dielectric function, this splitting may even be observable at room temperature 

in low-Q multiple quantum well cavities. 
Diffraction 
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840 860 
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Fig. 10 Simulated diffraction vs. wavelength and thickness for a low-Q bulk GaAs "half" 

(or asymmetric) microcavity. The normal-mode diagram is shown for comparison. 
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4.2.2. Temperature-Tuning the Cavity 

The effects of different resonance conditions on diffractive performance have been 

investigated experimentally in a 2.3 jAm-thick transverse-field asymmetric Fabry-Perot 

consisting of low temperature growth GaAs/AlAs multiple quantum wells coated on one 

side with a highly reflective dielectric stack[9]. The temperature-dependent band gap shift 

of the multiple quantum wells is utilized to tune the excitonic resonance with respect to the 

cavity resonance. The reflectances vs. wavelength for this device at two different 

temperatures are shown in Fig. 11a. At 85 K the Fabry-Perot appears to be at an on- 

resonant condition, while at 175 K it is detuned from resonance. 
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Fig. 11 (a) Experimental reflectances vs. wavelength of a LTG transverse-field geometry 

GaAs/AlAs multiple quantum well microcavity at two different cavity resonance conditions, 

(b) Input diffraction efficiencies vs. wavelength. The dashed lines indicate the position of 

the heavy hole excitons at the two temperatures. 
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The results of non-degenerate four-wave mixing experiments conducted at 84 K 

and 171 K are shown in Fig. 1 lb, displaying nearly an order of magnitude difference in the 

diffraction efficiency at the two resonance conditions. While the diffraction spectra vary in 

magnitude, they have qualitatively similar shapes, suggesting that the mode-tuning is a 

weak function of the temperature shift. Factors influencing the magnitude of the diffraction 

efficiency include cavity-induced enhancement, due to a shift from an on-resonance to an 

off-resonance condition, as well as thermal broadening of the excitonic transition. The 

secondary peak in the input diffraction efficiency to the high-energy side of the maxima at 

both temperatures is suggestive of residual mode splitting effects and is on the order of 

calculated splittings [23]. Diffraction enhancement is also seen at the low-energy cavity 

resonance 30-40 meV from the main diffraction peak. A study over a higher temperature 

range is shown in Fig. 12. The spectral shape of the input diffraction efficiency varies as 

the resonances shift with respect to each other. The maximum diffraction of 10~4 occurs at 

829 nm for the 220 K curve. 
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Fig. 12 Degenerate four-wave mixing vs. wavelength and temperature for an LTG AlAs- 

barrier MQW coated with a dielectric reflector. Each curve is offset from the next by one 

order of magnitude to display spectral features. 
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4.2.3.  Terraced Devices 
Terraced devices have also been fabricated in order to study the resonance 

interactions under identical field conditions. Terracing is achieved through chemical 

etching of the non-absorbing spacer on one side of the MQW region. The reflectance of 

such a device consisting of an LTG GaAs/AlAs MQW transverse-field geometry "half" 

cavity with four terraces is shown in Fig. 13. Each terrace is illuminated individually in 

order to examine a single configuration of the dual resonances. 
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Fig. 13 Reflectance vs. wavelength for each terrace (A, B, C, D) on a transverse-field 

geometry MQW "half cavity. Transmittance of this MQW structure without the dielectric 

reflector shows the position of the excitons. 

The four terraces yield different resonance conditions that affect the non-degenerate 

four-wave mixing performance as shown in Fig. 14. Terrace "A" appears to yield the best 

input diffraction efficiency. The lineshape of the diffraction changes also changes as the 

cavity resonance is shifted with respect to the exciton resonance. 
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Fig. 14 Input diffraction efficiency vs. wavelength on four distinct terraces (A, B, C, D) 

on a transverse-field LTG MQW coated with a dielectric reflector. 

5. Discussion and Future 

In conclusion, we have demonstrated the first operation of longitudinal-field 

geometry MQWs in reflection. A hybrid QCSE device yielded a nearly a 6-fold 

enhancement of the output diffraction efficiency in reflection. A fully asymmetric QCSE 

device yielded an input diffraction efficiency of 10"3. Several issues still remain regarding 

the fabrication and transient time response of these devices. We have also described how 

the asymmetric Fabry-Perots can be viewed as microcavity devices with many potentially 

interesting behaviors. Modeling of a novel device, the photorefractive quarter-wave 

mirror, predicted similar performance to the ASFP. This mirror would require significantly 

simplified device processing as compared to the ASFP and is predicted to be relatively 

insensitive to uncertainties or fluctuations in growth parameters. Similar structures which 

utilize microcavity effects hold the promise of additional novel performance characteristics. 

Simulations of diffraction in MQW cavities shows mode coupling behavior. Rabi splitting 

may also be observable in these devices. Temperature tuning of the exciton transition and 

terracing of the cavities has allowed more detailed study of the resonance effects on the 

diffractive performance. A cavity with sharper room temperature excitons, as can be 

obtained with stoichiometric GaAs quantum wells, may allow the best resolution of mode 

interactions and Rabi splitting. 
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