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Summary:

This final technical report summarizes advances made at USC during the course of the iﬁ month
program. Our main thrust is to push the limits of ultralow thresold microlaser ;design,.
implementation, and performance.- The main results«are summarized-under the following four
headings:.

1 Effect of scaling microlasers on jitter and turn-on delay in which it is shown that ;}alues of
spontaneous emission coupling factor (3 in the range between 10 and 10" .lead to comparatively

low turn-on jitter and turn-on delay for both on-on and on-off modulatiod. This demonstrates that
microlasers with spontaneous emission factors lying between 107 and 18" are more attractive for

practical applications requiring on-on and on-off modulation than devices with f§ ~1.
. Lossesin Vertical Cavity Surface Emitting Lasers have been explored experimentally and it is

demonstrated that wﬁ:h reduction of aperture size to-less than 5x5 pm?, the internal quantum
efficiency decreases owing to carrier losses resulting -from current spreading and carrier out-
diffusion, the round-trip loss increases due to excess diffraction and scattering losses: Carrier loss
in native-oxide apertured VCSEL's is a significant limit to the scaling down of device performance




with aperture size for most reported VCSEL's confined by native-oxide so far, which have no
intentional lateral confinement for carriers in the layers below current aperture.

W The eﬂ‘efgté of scaling microlasers on modal noise has been successfully modeled and it is
shown that inod;l noise and speckle visibility in Gb/s multimode waveguide interconnect systems
depends ~on 3" ¢omplex - interplay “of "carrier dynamics;-spontaneous - emission fgctdr,.‘f-«.:.gain
compression, -and. device dimensions. Remarkably, these competing factors allow, scaled -low-
power microlasers with optimized design and operating conditions to exhibit modal noise
comparable to large incoherent multimode devices.

I¥. The-series-vesistance of microlasers has been explored experimentally. Models of behavior
have been developed and verified byfabricating 1ow resistance; low-threshold current, intracavity-
contaoted-deVices.

1. Effect of scaling microlasers on jitter and turn-on delay:
Recently there has been a great interest in fabricating scaled microlasers with low threshold current,
high efficiency, and a large coupling of the spontaneous emission power into the lasing mode,

leading to spontaneous emission factor, f ~ 1. Although the physics governing the behavior of

such devices is of some interest, an important objective is to explore the effect of large B on turn-

on delay and timing jitter for Non-Return to Zero (NRZ) signaling. This is of practical importance
because turn-on delay and jitter ultimately affect system considerations such as bandwidth and bit

error ratio (BER). We are able to show using numerical simulations that an optimal value of the
spontaneous emission factor § lying between 0.01 and 0.1 exists. In this regime the turn-on delay

and turn-on jitter for on-on and on-off modulation is minimized.

In our theoretical study we use the classical laser diode rate equations with Langevin noise source
terms to phenomenological model a microlaser and estimate its turn-on delay and turn-on jitter. In
our simulations, we modulate the current to the laser diode with a deterministic 1010.... signal at 1
Gb/s between a low current, I, and a high current, I,;,. The mean turn-on delay, t, is the time
needed to reach a total number of cavity photons S which is 50% of the difference in high and low

steady-state values. Due to the random nature of spontaneous emission events, there is a
distribution in the turn-on delay time. Turn-on jitter, ¢, is calculated as the standard deviation of

the distribution of t,.
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Figure 1 - Effect of spontaneous emission factor f on the turn-on delay and timing jitter for 1010... 1 Gb/s on-off
modulation for a laser diode with I;,, = 138 A and I, = 8 pA. The volume of the laser active region is 2X10™
cm® and the threshold current is I, = 46 pA.

Shown in Figure 1 is the dependence of the turn-on delay and jitter for an on-off modulated laser
as a function of its spontaneous emission factor, . The laser current is modulated between I =

low
8 WA and I;;, = 138 LA, The threshold current for this device is I, = 46 WA. The turn-on delay
decreases monotonically with an increase in spontaneous emission factor. An increase in the
spontaneous emission factor decreases the phase delay between the carriers and the photons. In
the extreme limit of an LED, the photons follow the carrier density and hence the turn-on delay is
minimized for a spontaneous emission factor of unity. Figure 1 also shows that the timing jitter

does not monotonically increase or decrease with . IJitter is due to the amount of noise and so
depends directly on the amount of spontaneous emission coupling into the lasing mode. An
increase in B increases the spontaneous emission noise and hence increases jitter. However, the
total amount of noise also depends on the turn-on delay because that is the time for which noise is

present. Hence, an increase in 3 also decreases the turn-on delay and hence decreases jitter. This

is confirmed by the fact that the jitter does increase for 102 < § < 10 and the turn-on delay does

not change significantly.
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Figure 2 - Turn-on delay and jitter versus spontaneous emission factor B for on-on modulation for the device

simulated in Figure 1. The laser current is toggled at 1 Gb/s between I, = 400 LA and I,,,, = 100 pA.

Figure 2 shows the effect of [} when the device is on-on modulated between I,,, = 100 HA and I,
=400 LA. The turn-on delay increases with an increase in 8. This can be understood as follows:
In the hypothetical case of a laser with § ~ 0 and on-on modulation, the turn-on time is limited by

the stimulated emission time ( ~ ps). On the other hand, for a laser with § ~1, the turn-on time is
affected by the carrier lifetime ( ~ 0.4 ns). Hence, the turn-on delay increases as the spontaneous
emission factor, B, increases. IJitter is found to be approximately 5-6 ps for all the values of B.

The small changes seen in the calculated values of jitter are attributed to the errors due to the

pseudo-random number generator used and the finite number of samples (~ 800) used in
calculating jitter.

From Figure 1 and Figure 2 one can readily see that a large B has a large turn-on delay for on-on
modulation, although it gives a low jitter and turn-on delay for on-off modulation. On the other

hand, a small value of (3 leads to a large turn-on delay for on-off modulation. Further, one can see

that values of B in the range between 107 and 10™ lead to comparatively low turn-on jitter and turn-

on delay for both on-on and on-off modulation. This demonstrates that microlasers with

spontaneous emission factors lying between 107 and 10" are more attractive for practical

applications requiring on-on and on-off modulation than devices with § ~1.




IT Losses in Vertical Cavity Surface Emitting Lasers
Vertical-cavity surface-emitting lasers (VCSEL's) with native oxide current apertures have resulted

in threshold currents of semiconductor lasers in the range of tens of WA [1-4], The ultralow
thresholds result from a reduction of the active region volume and optical mode size through the
current and optical field aperturing caused by the insulating and dielectric properties of the native-
oxide, respectively. In a VCSEL with the native-oxide current constriction, the oxide layer and the
aperture are intracavity elements so that some optical scattering and diffraction loss is expected at

small apertures. Hegblom et al [5] have estimated that the optical scattering loss becomes
significant (~0.001 per pass) for small aperture sizes (~2 {tm), where single-mode devices are still
possible.

In addition to optical loss, carrier loss in native-oxide apertured VCSEL's may also be a significant
factor that limits the extent to which the performance can be scaled with aperture size. In most
VCSEL's confined by native-oxide, there is no intentional lateral confinement for carriers in the
layers below current aperture. Lateral current spreading, low bias leakage currents in the regions
outside the aperture and carrier out-diffusion are expected to become more important for smaller
aperture sizes. Experimental results for AlAs native-oxide confined narrow-stripe edge-emitting

lasersl®] suggests that these current and carrier losses limits the threshold current at small stripe
width. In this paper, we present the characterization of current aperture size effect on internal
quantum efficiency and round trip loss for AlAs native-oxide confined VCSEL's. AlAs native-

oxide apertured VCSEL's, utilizing binary GaAs/AlAs DBR's, Ing2Gag gAs / GaAs resonant A-

cavity, and intracavity p-contact, have been fabricated with various aperture sizes. The dependence
of internal quantum efficiency and round trip loss on current aperture size are assessed by
removing layers of the top DBR's through selective etching to vary reflectivity.

The VCSEL's structure [3] in our study consists of a 30-pair n;doped AlAs/GaAs quarter-wave
- DBR, an Al 20Gag 78As-GaAs-Ing 2Gag gAs resonant A-cavity, p-doped contact layers, and a 22-
pair undoped AlAs/GaAs quarter-wave DBR. The p-doped contact layers are formed from a 0.25
A AlAs current constriction layer and a 0.75 A GaAs intracavity contact layer. This structure is

good for studying the reflectivity-dependence of laser characteristics by directly changing the pair
numbers of the top DBR to vary mirror loss, because the top DBR is composed of binary materials
with abrupt interfaces and can be selectively removed one pair at a time. There is also no change in




the current-voltage characteristics caused by reducing the number of top pairs owing to the use of
intracavity p-contact. '

AlAs native-oxide apertured VCSEL's have been fabricated with various aperture sizes. The
aperture size dependence of threshold currents and top emission efficiencies are plotted in Fig.1.
Threshold current reduces with decrease of current aperture size from 10x10 pum?2 to 3x3 pm?2,
where Iy, reaches its minimum value of 100 pA. With further decrease of aperture size, threshold

current goes up. Particularly, from 2x2 pim?2 to 1x1 um?2, Iy, increases significantly from 150 pA
up to 940 PA. It is also seen that the external quantum efficiency of top emission decreases with
the reduction of aperture size, particularly, a dramatic change in the range of small aperture sizes.
The change of external quantum efficiency with aperture size indicates that when aperture gets
smaller, internal quantum efficiency decreases, and round trip loss increases. The pictures of laser
beam spot in Fig.1 are the far-field patterns for devices with various aperture sizes, showing
dependence of lateral confinement for optical mode on aperture size.

For in-plane edge-emitting lasers, the internal quantum efficiency (nj) and the internal loss (o) can

be estimated by fitting the reciprocal external quantum efficiency (ng-l) vs the cavity length (L),

using

1 1 o
i I ——
ng n; m;In(VR)
Similarly, using L-I data of VCSEL's with different reflectivity, we can evaluate important

(D

parameters associated with VCSEL's. Instead of fitting (1/ng)~L as in edge-emitter case, the data

of (1/mg)~1/In(1/R) are used because the cavity length for a VCSEL is fixed. The corresponding
equation for VCSEL's is

L:L+A.( ! ) | @
Mg M M \In(R)

where A is the round-trip loss in a VCSEL, R is the total power reflectivity. The term
1/In(1/R) is so sensitive to the value of R, especially, when R is in the range of 0.9990-0.9999,
1/In(1/R) changes with R dramatically. Therefore, such fitting to obtain values of n;j and A for

VCSEL's is much more difficult than that for edge-emitting lasers.
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Figure 1 - The aperture size dependence of threshold currents and top emission efficiencies. The pictures of laser
beam spot are the far-field patterns for devices with various aperture sizes. showing dependence of lateral confinement

for optical mode on aperture size.

Prior to removing layers on top mirror, the devices are patterned so that only the top mirror and
part of the contact pad are exposed for etching and probing, respectively, as schematically shown

in Fig. 2. The VCSEL's devices were finished with top mirrors of 25x25 um? sizes. An 15x15

um? opening window is applied on the top mirror. To protect device structure from wet etching, a
thick layer of photoresist AZ4620 (~6 im) is used.

Etching starts with buffered-oxide-etchant (BOE) to remove possible oxide layer on the mirror top.
Then, a solution of NH4OH:H;0,/1:4 is used to selectively remove GaAs over AlAs, and BOE to
selectively etch AlAs over GaAs. Each step has to be carefully controlled by monitoring mirror
surface and L-I measurement. Reliable data should be acquired when mirror surface looks very
clean and L-I curve remains unchanged for further same etching. This is very crucial to the
experiment. It is also important to have all the L-I measurement taken at same conditions for

accurate comparison.
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Figure 3 - A typical result of L-I curves for a VCSEL with various number of DBR pairs as top mirror.

An etching experiment to remove layers of the top DBRs on the VCSEL's devices with various
current aperture sizes on same wafer has been carefully carried out. A typical result of L-I curves
“for a VCSEL with various number of DBR pairs as top mirror is shown in Fig.3. The numbers
shown on thecurves indicate the pairs of the top mirror at which the L-I curves were taken. With
decrease of reflectivity by removing layers in top mirror, both threshold current and external

quantum efficiency increase resulting from increases of mirror loss. This is similar to that reported

earlier by G.M. Yang et al . [7]




To fit (1mg)~1/n(1/R), reflectivity R= JRt'-Rb has to be determined first, where Ry, Ry, are

reflectivities of top and bottom mirrors viewed from inside cavity. Experimentally, it is impossible
to measure those values for the devices. In our experiment, we assume reflectivities are reasonably

same for all size devices, and it applies to each step of uniform etching. Using L-I data of one
device, assuming certain numbers for its internal quantum efficiency (nj) and round trip loss (A),
to calculate values of In(1/R), we then fit data of other size devices with those R values to obtain
data of j and A. Normalized ratios of 1j and A for those devices can illustrate the aperture size

effect on internal quantum efficiency and round trip loss.
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Figure 4 - The data fitting of inverse external quantum Figure 5 - The dependence of normalized ratios of
efficiency of top emission to 1/In(1/R) for devices with internal quantum efficiency and round trip loss on current

varjous aperture sizes. aperture size.

Fig.4 shows the data fitting of inverse external quantum efficiency of top emission to 1/In(1/R) for
devices with various aperture sizes, assuming Tj = 95% and A = 0.0007 for 10 x10 pm?2-size

device as reference. Those five points on each device correspond to top mirrors with 22, 21, 20,
19 and 18 pairs of GaAs/AlAs DBR's.

In Fig.5, dependence of normalized ratios of internal quantum efficiency and round trip loss on
current aperture size is shown. With reduction of aperture size, internal quantum efficiency

decreases and round trip loss increases, in other words, both carrier loss and optical loss increase.
It is noted that with change of aperture size from 10 x 10 um? to < 2 x 2 m?2, the internal quantum
efficiency begins to drop at <7 x 7 um2, and down by 50% at < 2 x 2 [im?2; while round trip loss

begins to increase when aperture size is less than 3 x 3 tm2, and up by 40% at <2 x 2 um?2.




Our experiment has demonstrated that with reduction of current aperture size of AlAs native-oxide
confined VCSEL's, the internal quantum efficiency decreases and the round trip loss increases.
Generally, a reduction of internal quantum efficiency results from currents which continue to
increase above threshold. In our VCSEL's structure, carrier loss may occur through several ways
such as spreading current in cladding layers, carrier out-diffusion in the quantum well layer, carrier
trapping by interface states between oxidized and non-oxidized materials, etc. Such effect of
carrier loss is should be expected more significant for smaller aperture size. Optically, round-trip
loss increases with reduction of aperture size is due to excess diffraction and scattering loss.

The fitting technique itself, as shown in Eq. (2), is limited for accurately achieving absolute values
of internal quantum efficiency and round trip loss by the sensitivity of the term 1/In(1/R) to the

value of R in the range of 0.9990-0.9999 [9]. Since it is impossible to experimentally measure
reflectivities of top and bottom mirrors viewed from inside cavity, using theoretically calculated

values of R= 1/Rt - Ry, for fitting can result in errors unless both grown layers of DBR's are

exactly quarter-wavelength thicknesses and the data of refractive index in the library for calculation
are very accurate. To avoid such difficulty, instead of determining absolute values of internal
quantum efficiency and round trip loss, we chose to study the relative comparison of those values
for devices with various aperture size, in our experiment, to emphasize the aperture size effect on
lateral confinement for carriers and optical mode. One possible error may be introduced in Fig.4 is
that total emission efficiency should have been used for the fitting rather than top emission
efficiency. To do so, determination of Ry, Ry, has to be involved. However, we think such
correction can not be so strong to alter the dependence of internal quantum efficiency and round
trip loss on current aperture size.

In conclusion, we present here an experimental characterization of current aperture size effect on
internal quantum efficiency and round trip loss of AlAs native-oxide confined VCSEL's. It has

been demonstrated that with reduction of aperture size to less than 5 x 5 um2, the internal quantum
efficiency decreases owing to carrier losses resulting from current spreading and carrier out-
diffusion, the round-trip loss increases due to excess diffraction and scattering losses. In addition

to excess optical losses [5:8], we believe and demonstrate in this paper that the effect of carrier loss
in native-oxide apertured VCSEL's is also significant and limits the scaling down of device
performance with aperture size for most reported VCSEL's confined by native-oxide so far, which

have no intentional lateral confinement for carriers in the layers below current aperture.
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IIl. Effect of Scaling Microlasers on Modal Noise:

Microlasers will find use in future waveguide-based communication systems. Such systems will
use multimode optical waveguide media and as such will be subject to performance limitations
imposed by modal noise. Modal noise is unwanted random variation in received light intensity
stemming from interference effects in multimode waveguide. It was first described by R. Epworth
in 1978 [1] and later Kanada [2], Dandliker et al. [3], and Bates et al. [4] studied modal noise in
systems which made use of conventional laser diode sources. Hahn et al. [5] recognized modal
noise from coherent microlaser emission could be reduced using large area multi-transverse mode
Vertical Cavity Surface Emitting Lasers (VCSELs). Despite recent interest in the subject, the
behavior of modal noise in scaled lasers and microlasers has not been systematically evaluated

We have investigated the effects of scaling microlasers on modal noise for a 1 Gb/s optical -
communication system using multimode waveguides. The length of multimode optical waveguide
considered varies from 10 cm to 1 km and the waveguide itself has a 1 GHz.km modal bandwidth.
We numerically solve the multimode laser diode rate equations and obtained the spectra of the laser
for different electrical modulation conditions, laser diode cavity size, and spontaneous emission
factor. To simulate the performance of Gb/s optoelectronic interconnects, we model a detector
with 1 GHz -3 dB high-frequency roll-off as a weighted time average of the received light
intensity. We use speckle visibility at the end of a length L of multimode waveguide as our
measure of modal noise.
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Decreasing the laser cavity length, L, causes the spectrum to be increasingly single mode, thereby

increasing coherence, visibility, and modal noise. This initial consideration indicates that micro-
lasers have a higher susceptibility to modal noise and may not be suitable for high-speed
optoelectronic communication systems. However, we also found that the visibility due to a
digitally modulated single-mode microlaser can be reduced because the time averaged optical
spectra exhibits two spectral peaks which has the effect of reducing optical coherence. This
decrease in coherence of microlaser optical emission reduces modal noise. We have found that by
optimizing the operating conditions of the microlaser, it is possible to reduce modal noise to levels
comparable to those found in conventional laser diodes. Further, in stark contrast to conventional
lasers, micro-lasers with large spontaneous emission factors, show lack of carrier pinning and
have lower visibility values when the steady-state bias current is increased for a given depth of
modulation current.

From results of our work shown in Fig.1, one may see that for a given bias current and depth of
modulation, conventional lasers with cavity length L¢ > 50 pm are suitable for multimode

waveguide communication over lengths less than 1 m. However, low threshold current, low-
power microlasers with optimized design and operating conditions perform as well as conventional
high threshold current, large, incoherent multimode devices

Modal noise and speckle visibility in Gb/s multimode waveguide interconnect systems depends on
a complex interplay of carrier dynamics, spontanéous emission factor, gain compression, and
device dimensions. These competing factors allow scaled low-power microlasers with optimized
design and operating conditions to exhibit modal noise comparable to large incoherent multimode
devices.

Part of this work is described in a paper “The effect of scaling microlasers on modal noise” by S.
M. K. Thiyagarajan and A. F. J. Levi, which has been published in Appl. Phys. Lett. 69, 3459-
3461 (1996).
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Figure 1 - Dependence of the multimode waveguide length, L at which visibility y, = 0.8. The

figure shows the dependence on the steady-state bias current, I of a microlaser with

Tow?

spontaneous emission factor § = 0.95 (solid line) and the dependerice on laser diode cavity length,

L, for a device with B = 10* (dashed line).

IV. Series resistance of microlasers:

The experimental portion of this program involves fabrication of VCSELs with
active areas less than 1 pm x lum. We have derived analytical expressions for the
extrinsic series resistance in intracavity-contacted VCSELs that illustrate the
contributions to series resistance of various portions of the device. To test the
validity of these expressions low resistance, low threshold-current, intracavity-
contacted VCSELs have been fabricated with increased doping in the contact layer of
the p- region to examine the tradeoffs that arise if we depart from our previous
designs with low loss and low threshold. Resistances ranging from 355 Q for 4 pm
square apertures to 80 Q for 12 um square apertures and threshold voltages as low as
1.35 V have been obtained. The threshold currents range from 270 pA for 4 x4 um
apertures to 850 pA for 12 x 12 um. The measured data agrees well with the
analytical, demonstrating the validity of this derivation.

Figure 1 depicts a typical structure that employs intracavity contacts for current
injection into the active region. The structure shown has oxide DBRs [4,6,9] for
reflectors, but the analysis here could as well apply to intracavity contacted
structures with all-semiconductor DBRs [1,5,10] or deposited thin-film DBRs [2,3,7].
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The region between the mirrors consists of an active region bounded by the p-type
and n-type contact layers. The active region consists of 2 Ing2Gag.gAs quantum
wells with GaAs barriers bounded by Alg25Gag.75As to form a single wavelength
cavity. The p-contact layer is a single Bragg pair made up of a graded interface
GaAs/AlAs pair. The GaAs is divided into a highly doped and a low doped region
to promote current spreading across the aperture [11]. The n-contact layer is similar
except that a current spreading layers is not needed since electrons have a much
higher mobility. Layer thicknesses and dopings are listed in Table I.

To analyze the resistance, the contact layer is split into 3 regions as shown in Fig. 2.
Region A represents the resistance of injecting carriers from the metal into the
semiconductor. Region B represents the resistance of carriers moving from the
metal to the aperture edge. Region C represents the resistance of carriers moving
through the current spreading region and the aperture.

Expressions for resistance have been derived for the p-contact layer since it
dominates the resistance of the device, but they may be similarly applied to the n-
contact layer using the n-AlAs layer as the current spreading layer. Although we
assume a cylindrical geometry, our standard mask set is based on square geometries.
Thus, there will be some error when comparing experimentally measured data and
calculated data. To reduce the error and closely approximate square geometries, the

ratio between the perimeter(circumference) and width (diameter) is changed from n
to 4.

Devices with the specifications enumerated in Table I have been grown and
fabricated. The growth and fabrication of this device is similar to previous devices
[6] except that the doping of the p-contact layer has been increased and an alloyed
Ag/Zn/Ag contact has been used to form an ohmic contact. With these changes, we
have obtained voltages as low as 1.35 V and resistances as low as 80 Q. Elimination
of resistance at the heterojunctions by composition grading is indicated by the low

threshold voltage which is only 100 mV greater than the photon energy (A = 991
nm) and very close to the record for 980 nm VCSELs [12]. Fig. 3 shows the L-I-V
curves for several different sizes of representative devices taken at room
temperature under cw excitation. The differential series resistance at I > 10*Iy, are
355 Q, 200 Q, 140 Q, and 80 Q, which correspond to threshold currents of 270 pA, 300
KA, 500 pA, and 850 pA, respectively. The high bias ensures that the diode is fully
turned on and,thus, adds little differential resistance to the total. The total
resistance for the same device is calculated taking into account both the p-type
contact layer and the n-type contact layer, and it is plotted against the measured data
in Fig. 4. The calculated data predicts the experimental data quite closely. This
validates the analytic model and enables us to predict structures with different layer
thicknesses and dopings.

The calculated resistances from the different regions are presented in Fig. 5 as a
function of oxide aperture width. The resistance in region A (contact resistance) is
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6.9 Q. At moderate aperture widths from 16 um to 5 um, the resistances from
regions B and C are approximately the same, increasing as the aperture width
decreases. At 5 um, Rc begins to rise dramatically and at 2 um the resistance is
almost 1000 Q. The origin of this is the small area of the current constriction in
combination with the low doped current spreading layer. It may be possible to
remove the spreading layer without suffering adverse effects at small aperture sizes
since current spreading becomes less of an issue. Nonetheless, the resistance will
still rise as dimensions decrease. In any case, the increased resistance for small
apertures must be reduced in order that the ultralow threshold currents obtained
may be used for high speed applications.

In summary, we have derived expressions for the resistance in intracavity contacted
VCSELs. We have demonstrated the validity of these expressions by fabricating low
resistance, low threshold-current, intracavity-contacted VCSELs. Using these
equations, it is possible to quickly calculate the extrinsic series resistance and
determine its origin during the design process, rather than waiting to measure it in
the more expensive and time-consuming fabrication process.

]
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Table I - Constants and variables used for calculations.

Variable

symbol

value used

_

highly doped p-GaAs thickness | ¢ 036 jim
highly doped p-GaAs doping 2 x 1018 ecm-3
highly doped p-GaAs resistivity Ph 2 x 1072 Q-cm
low doped p-GaAs thickness t 0.12 pm

low doped p-GaAs doping 1x 1016 cm=3
low doped p-GaAs resistivity pl 2Q-cm
metal contact resistance Pc 2 x 1076 Q-cm2
outer p-metal radius r1 20 pm

inner p-metal radius 2 10 ym
p-oxide aperture radius r3 variable
n-GaAs thickness th 0.335 um
n-GaAs doping 1x 1018 em=3
n-GaAs resistivity Ph 2 x 103 Q-cm
n-AlAs thickness t] 0.060 pm
n-AlAs doping 1x 1018 em™3
n-AlAs resistivity Pl 0.21 Q-cm
outer metal radius r1 50 um

inner metal radius 9 35 um

oxide aperture radius r3 p-oxide radius + 2 pm
characteristic length(A) SA m
characteristic length(C) oC J Pt/ P,
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Figure 2 - Schematic of p-doped layer through which current is injected. Different regions represent different

modes of current flow. They are defined by different radii, r1, r2, and r3.
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Figure 3 - L-I-V of devices with different oxide aperture sizes. The differential resistance is found by taking the

derivative of the I-V curve.
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Figure 4 - Comparison of calculated resistance with measured differential series resistance values for different
aperture sizes.
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Figure 5 - Calculated resistance coniributioh of different parts of contact layer as a function of aperture radius for a

circular geometry. At the smaller radii, the resistance going through the aperture dramatically increases.
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