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Intensity and spatial modulation of spontaneous emission in GaAs by field
aperture selecting transport
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A potential technique for modulating the light emission resulting from excess minority carrier
recombination in a semiconductor device is introduced. This process utilizes an electric field to
transport a packet of minority carriers past an optical output aperture defined on the surface of the
semiconductor. A short burst of light is allowed to escape through the surface of the device as the
packet drifts past the opening in the aperture. To first order, the temporal length of the optical pulse
will be a function of the width of the excess minority carrier packet, the width of the aperture, and
the drift velocity of the excess minority carriers. patype gallium arsenide, geometric scales of 5

pm should make possible pulse widths near 100 ps. Initial experimental results are presented
confirming the spatial displacement and the attenuation of the external luminescence intensity as a
function of applied bias voltage. @003 American Institute of Physics.
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GaAs light-emitting diodegLEDs) have been studied trons will continue to drift from their generation position
extensively for their utility in high-speed optical data toward the positive electrode until they eventually recombine
links.1~5 Typically, the upper limit for efficient optical modu- with a hole. This results in an overall shift of the excess
lation in LEDs is determined by the minority carrier radiative minority carrier distribution toward the positive contact. If a
recombination lifetime of the semiconductoBeveral inves- majority of the electrons are transported under the electrode
tigators have attempted to increase the speed of LEDs usirgfore they recombine, the contact shadowing will effec-
a variety of technique®:® However, the spontaneous radia- tively block the external light emissiofFig. 1(b)]. If the
tive recombination lifetime in GaAs is predicted to approachinternal electric field due to the applied voltage is large
a minimum value of 200-300 §<. This phenomenon would €neugh, the drifting and shadowing process can result in a
make efficient optical modulation beyond 1 Gb/s difficult to faster extinction of the light emission than the typical decay

achieve. In an attempt to circumvent the high-speed perfor_‘-jue to the minority carrier lifetime. When the applied voltage

mance restrictions caused by this physical limitation, the utiiS réturned to zero, the external PL emission intensity in the

lization of minority carrier drift in a lateral electric field to photolf)uhmpeq region will r?fiqu incrﬁase; in timefz asa fyn(I:-
control the position of the light-emitting region is proposed, 0" Of the minority carrier lifetime. Therefore, a fast optica

As Haynes—Shockley originally reported in 1951, under thefalling edge can be generated_by rap_idly removing_ photoge-
influence of an electric field, a minority carrier packet will nerated carriers from the optical exit aperture with a fast

drift through a semiconductor b&Therefore, the spontane- electrical pulse. . . . . .
. . : . L S A second modulation technique is also being considered
ous light emission associated with radiative recombination
will appear to travel along the bar as well. This letter con-
siders exploiting this capability to develop high-speed light-
emitting devices. The potential technique is referred to as
field aperture selecting transpdRAST).
A cross-sectional view of the FAST concept is illustrated
in Fig. 1. Consider the output aperture defined by two
opaque metal electrode contacts deposited on a direct band .
gap p-type semiconductor. Under zero-bias conditions, an (@)
excitation laser focused in the center of the opening will
photogenerate a packet of electron—hole pairs. The resulting
photoluminescencéL) spot due to recombination will ap-
pear through the top surface roughly in the same location as
the focus of the las€iFig. 1(a)]. However, applying a bias
voltage between the two electrodes will create an electric
field that will accelerate the electrons to a velocity ©
= un E, whereE is the lateral electric field intensity ang,  FiG. 1. Cross-sectional view of FAST concept. Black arrows point in the
is the electron mobility. While the bias is applied, the elec-direction of the electron drift. Laser excitation and PL emissi@nunder
zero bias,(b) contact shadowing and attenuation of external PL emission

under dc bias, ank) transient response<t,;<t,) of PL emission and
¥Electronic mail: thomas.boone@yale.edu optical pulse generation due to a switch in applied bias polarity.
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that utilizes a differential applied voltage and the carrier stor-
age during the shadowing process to create the external light
pulse. When the polarity of the voltage is switched, the elec-
tron drift will reverse directions and begin to flow toward the
opposite contact. The electrons that were shadowed by the
first contact and have not yet recombined can now drift un-
derneath the aperture opening, and the PL emission due to
this packet will once again be allowed to transmit through
the surfacdFig. 1(c)]. Naturally, the light will be blocked
again once the majority of the recombining electrons drift
under the second contact This drifting and shadowing pro-
cess will result in an external burst of light for the period of
time that the recombining packet is positioned within the
window region. An interesting attribute of this technique is
that it requires only a fast differential rising or falling elec-
trical edge (e.g., +V——V) to generate the light pulse
rather than a short return-to-zero single ended electricdflG. 2. Spgtial modulation and contact shadowing of PL emissic_)n for dif-
pulse. Adcitionally, th rising edge ofthe lght pulse Is now e SP1e U Jolgss, Tre b s sppes o e e e
a function of the carrier drift velocity rather than the recom-; 5 v, (¢) 10 v, and(d) 20 V. For all four conditions, the excitation laser is
bination lifetime. This characteristic may potentially result in focused in the center of the structure.

shorter PL emission rise times than those produced by the
single ended voltage technique. In GaAs, the saturation drift

i 7
Vhe'O‘?;tyh'S in excess of 10 clm/saOneh§an tr|1e|j con-cLude oxide-semiconductor microscope camera of the PL emission
that if the concept were employed at this velocity with @ 5S¢0 870 nm) transmitted from the surface of the

nm wide aperture opening, the external light pulse generatede miconductofFig. 2]. A colored glass filter was used to
would be approximately 100 ps. This would suggest possiblgeoye the excitation laser light from the images. When a

deV|ce. operation on a time scale consistent with 10 Gbit/g);55 voltage was applied to the electrodes, the PL emission
operation. _ ~ spot was swept toward the positive voltage termirgs.
Test structures were fabricated from  solid- 3) and 2c)]. As this voltage was increased, the PL spatial
source  molecular ~ beam  epitaxy (MBE)-grown  gisplacement continued to increase until it appeared to be
Al odGa;As/GaAs/AlgGaAs  double  heterostructures. aimost swept completely under the positive electrfidie.
The top and bottom AjGa,As barrier layers were 25 and 2(q)]. When a slowly varying voltage ramp was applied to
50 nm thick, respectively, and were incorporated to reducne electrode$40 V p-p, <1 Hz), the PL spot scanned back
surface recombination effects and confine the photogenerateghg forth smoothly between the two contacts, while the
electrons within a 100 nnp-type GaAs active layer. The pump laser stayed stationary, focused in the center of the
AlGaAs layers were heavily dopeuitype with beryllium to  structure. Clearly, electron drift prior to recombination is the
Na=2x10" cm™2 with the intention of modulatiop dop-  source of this PL displacement. On average, this displace-
ing the GaAs layer to the mid>110'® cm™3. The use of ment should be equal to the distance that the electrons drift
modulation doping was employed to help maintain high elecfrom their generation position in the recombination lifetime

tron mobility within the GaAs active layer. The minority 7. As a first-order approximation, the distarttéhat the elec-
carrier lifetime of the active layer was measured with timetrons drift from their generation position = u,E7. For

resolved PL to be 870 ps. Consequently, a lifetime this shofhe p-GaAs epitaxial structure presented in this
facilitates in maintaining a compact electron packet by restudy, r~870x10 *?s, u,~2000cn?/Vs, and Ega
ducing carrier diffusion. Additionally, 50 nm of AlGasAs ~ =2000 V/cm. Therefore, the calculated average distance a
along with a 10 nm GaAs capping layer were grown on topphotogenerated electron would drift is approximately.3s.

of the structure to reduce surface oxidation. Large Al com-This first-order approximation appears to be in reasonably
positions &50%) were employed to reduce absorption ofgood agreement with the observed behayieig. 2(d)].

the pump laser light in the cladding regions as well as to  To investigate the utility of this concept for modulating
increase the valence-band offset to GaAs to enhance thte intensity of optical emitters, the PL spectral intensity pro-
modulation doping. van der Pauw mesa structures wergile was measured as a function of the applied voltage. The
etched into the wafer and Ti:Au nonalloyed electrical con-external pump laser was replaced in this measurement with a
tacts were deposited and lithographically defined on top ofiber pump/probe apparat({iBig. 3]. This procedure insured
the mesas. The central opening in the van der Pauw pattermisat the collected PL emission was centered directly over the
were approximately 10Qum in diameter. The symmetric photogeneration region and precluded any shadowing of the
contact arrangement and the clear central region in the vapump source by the probe. The core of a single mogdanb

der Pauw formed an aperture ideal for observing the effectdiameter fiber was placed in direct contact with the center of
of the lateral electric field on the PL emission. A diode laserthe van der Pauw structure. A fiber splitter/combiner was
was focused to a spot in the center of the van der Pauw fantegrated into the measurement setup to connect a fiber pig-
the photogeneration of electrons (diameté00um, A tailed pump laser to the probe. A U bench with a colored
=660 nm, andP ;= 9.3 mW). glass filter removed the laser emission from the spectrum

Images were taken with a silicon complementary metal—
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. . . FIG. 5. Dark current vs voltage relationship for van der Pauw structures
and, an Oceanoptics USB 2000 fiber coupled optical spe Ised to study the FAST concept. At low voltages, the slight nonlinear be-

trometer measured the PL spectral response. Note that in thavior suggest back-to-back Schottky diode characteristics. For larger volt-
experiment discussed previously, the metal contacts werges, the device appears linear and resistive.
used to create the aperture mask to attenuate the opticadgion. However, absolute power measurements to quantify
emission. In this measurement the fiber probe itself functionghis completely are planned for future work.
as the exit aperture. Thus, as the fiber laser pumped the Consistent with the Stark effect, a slight shift was ob-
sample in a single spot, the collected PL intensity could b&erved in peak emission intensity to longer wavelengths as
modulated by sweeping the packet from under the fiber corahe bias voltage was increased. It is interesting to note that if
The spectral response was recorded for several dc biaRe current structures are replaced with quantum wells, a
voltages between 0-15 V, and the relative PL intensity wasnagnification of this effect is expected, which may also have
significantly reduced as the bias voltage incregdéd. 4.  some interesting attributes for future emitters. Other poten-
Although this is only a relative measurement, the observatiofial categories of optoelectronic devices that could benefit
suggests that the selectable aperture action can easily redugem the ability to spatially relocate a luminescent carrier
the emission intensity by nearly an order of magnitude. Nopacket are optical signal routing devices and edge emitting
tice that the attenuation effects between 2.5V and 5V appeabuting devices. Since the displacement distance is fixed for
to be nonlinear, but at higher applied voltages a more lineag constant bias voltagelectric field, we intend to investi-
relationship exists. The explanation for this phenomenon bega’[e the development of an optical signal routing device,
comes clear when the current versus voltageM) charac-  excluding micromirror arrays, utilizing the FAST concept

teristics for the structure are examinielg. 5. Note that at  with pigtailed fibers aligned along the electron sweeping axis
lower voltages, there exists a slight nonlinéal consistent  as well as cleaved facet edge emitting structures.

with back-to-back Schottky diodes. This behavior is not sur- A modulation technique has been introduced that is po-
prising for nonalloyed metal contacts petype AlGaAs. The  tentially faster than current lifetime limited LED technolo-
slightly nonlinearl -V should be directly related to the mi- gies. Initial experiments have demonstrated the ability to sig-
nority carrier current. This would reduce the sweeping velocqificantly attenuate the PL emission from an optically
ity and explain the nonlinear emission intensity versus V0|t-pumped semiconductor region, and scaling law arguments
age observed at lower biases. However, once the Schottkygve been considered that suggest this technique may be
are fully rectifying the structured,—V behavior becomes suitable for high-speed applications. Additionally, the ability
very linear and exhibits a resistive behavior. Likewise, theto spatially relocate the PL emission has been observed sug-
PL quenching effect appears to operate more linearly in thigesting the possible optical signal routing applicability. The
fundamental physics relating to the lateral transport of the

Peak Spectral Intensity vs. Voltage excess minority carriers is currently under investigation. Fu-
ture work will also include direct high-speed optical transient
measurement as well as exploration of the engineering issues
relating to high-speed device operation.
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