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Abstract of the Thesis
Study of bulk and surface currents
limiting the performance of GaSb-based semiconductor devices
by
Muralidhar Kumar
Master of Science

in

Electrical Engineering

Stony Brook University

2008

Bulk and surface currents limiting the performance of GaSb based semiconductor
devices were studied. In thermophovoltaic applications recombination currents limit the
open circuit voltage. The first section of this work dealt with the study of carrier
recombination in InGaAsSb epitaxial layers for thermophotovoltaic applications.
Minority carrier lifetimes of p-type InGaAsSb lattice matched to GaSb were studied
using Time Resolved Photoluminescence. The temperature dependence of lifetimes of the
samples differed from the expected T'” model and this variation was explained by the
absorption tail below band gap and the temperature dependence of photon recycling. The
values of radiative recombination coefficient B and Auger coefficient C were calculated.
Radiative and non radiative lifetimes were separated and radiative efficiency was found

to be 67 %.
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The second section of the work dealt with the reduction of surface currents by
passivation of GaSb based Schottky diodes using micromachining and pulsed anodization
technique. Surface currents in untreated Schottky diodes fabricated by photolithography
and micromachining were compared. It was found that micromachining does not damage
the surface and that devices fabricated by micromachining had lower surface currents
when compared to devices fabricated from conventional processing. Passivation by

pulsed anodization resulted in the reduction of the surface current by 10-11times.
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Carrier Recombination in 0.52 eV p-type InGaAsSb Lattice Matched to
GaSb

Introduction

InGaAsSb photovoltaic cells with band gap 0.5-0.6 eV are essential for high
conversion efficiency in Thermophotovoltaic (TPV) systems having thermal sources at
temperatures near 1000°C '. InGaAsSb materials lattice matched to GaSb have band gap
around 0.5 eV. They offer flexibility in band structure engineering > while reducing

34

defects and resulting in good carrier lifetime There is interest in developing both

fabrication techniques >~ and device design ° of InGaAsSb based TPV cells.
Phototransistors and Avalanche photodiodes based on InGaAsSb are also being
developed °'°. Study of recombination phenomena in InGaAsSb then assumes
importance because reducing carrier recombination results in high performance of TPV
cells "2, A better understanding of the mechanisms behind carrier recombination will
help to further improve device performance. This work focuses on explaining the

temperature dependence of minority carrier lifetimes and predicts the behavior of

lifetimes at various temperatures and doping concentrations.



Experiment

Temperature dependences of minority carrier lifetime in zinc doped (p-type)
InGaAsSb double heterostructures (DH) were determined using Time Resolved
Photoluminescence (TRPL) technique. The set of DH’s were grown on GaSb substrates
with active layer thickness of 2um and various doping concentrations. A schematic of the
set up used to determine lifetime is shown in Figure 1.1. The InGaAsSb sample was
excited by means of a 532 nm Q switched Nd: YAG laser with pulse width 0.5 ns and
repetition rate of 7 KHz. Reflective optics were used to focus the beam on the sample.
The emitted radiation was collected using objective lenses and focused onto an InSb
broad band photo detector. The signal from the detector was amplified and fed to a digital
scope with a data acquisition rate of 5 Gs/s. The Photoluminescence (PL) decays were
averaged; an exponential decay over two orders of magnitude then gave an accurate value
of the measured lifetime. A cryostat was used to vary the temperature range of the

sample.



Results and discussion

Figure 1.2 shows the lifetimes of an InGaAsSb DH with doping 4x10'” obtained
at various temperatures. The squares are experimental points. The slope of inverse
lifetimes is less than the expected T' dependence and is given by TP with p=1.26. The
theoretical fit obtained by taking into account temperature dependence of photon
recycling and reduced density of states is shown as a straight line.

The Integrated PL intensity was also obtained using the same setup as in Figure
1.1, except that the photo detector was connected to a Stanford Research Systems SR 810
DSP Lock-in Amplifier. Integrated PL intensity is a proportional to the total number of
carriers that recombine radiatively. The current in the photo detector, fed directly to the
Lock-in is then a measure of the integrated PL intensity. The intensities obtained as a
function of temperature are shown in Figure 1.3. At 77 K it is assumed that all carriers
recombine radiatively. It is observed that the integrated PL intensity is fairly constant
from 77 K to 200 K implying that the recombination is almost completely radiative. Non
radiative recombination begins to contribute after 200 K, reducing the number of carriers

that combine radiatively and thus the current in the lock- in amplifier decreases.

Absorption Edge Measurements

Absorption curve of the sample is necessary to determine photon recycling. A
Thermo Nicolet Fourier Transform Infrared Spectrometer (FTIR) Nexus 670 was used to
observe the transmission spectrum of the samples and absorption is obtained by
Lambert’s law T = Toe™ where T/T, gives the fraction of intensity of light transmitted
and o is the absorption. The mean value of the sinusoidal curve shown in Figure 1.4 was
taken as the value of T/T, but as seen from the figure; its accurate determination was not
possible. Small changes in T/T,, affected the absorption tails significantly but not
absorption at higher energies. To calculate absorption tails accurately, the experimental
PL spectrum was converted to absorption spectrum and scaled to match the experimental
absorption for energies 0.52 eV and below (shown in Figure 1.5). The absorption spectra

of two of the samples, a heavily doped (sample number 04-969, doping = 3x10'® cm™)



and a moderately doped (sample number 04-959, doping = 2.55x10"7 cm™) are shown in
Figures 1.5 and 1.6 respectively. The absorption edge spectrum can be approximated by

the square root function (Osquareroot)

A‘/hv—Eg 0

asquareroot = hV

where hv is photon energy in eV, E, is band gap of the sample. This square root
dependence is also shown in Figure 1.6 for 04-959.0ne can see that it fits the
experimental absorption spectrum for lower energy ranges.

The experimental absorption curve was split into 3 intervals and fitted with
polynomials for numerical integration. A 2" order polynomial was used for energy range
(0.51-0.54 ¢V) and a 5™ order polynomial was used for energy range (0.54-0.62 ¢V). The
polynomials fit the experimental curves almost exactly and are hardly seen in the figure
till 0.62 eV. The square root approximation described above was used for higher energy
ranges (0.62-0.78 eV) where absorption due to GaSb substrate increased noise
significantly.

A distinct drop in the absorption for the same photon energies of the highly doped
sample can be seen in Figure 1.7. This drop is attributed to Burstein Moss (BM) effect
which occurs in heavily doped materials where most of the states near band edges are
occupied by carriers, increasing the optical band gap.

The BM factor is given by '

BM =1— ! 2)

IP{UF}
KbT

where €(v) = Ae'm./my, and Ae = (hv-Eg), m., is the reduced effective mass given by
(mgmy)/(me+my) and Fy, is the quasi Fermi level for holes. m, and m,, the relative masses
of electrons and holes and were found to be 0.0385 m. and 0.3863 m, respectively. Figure
1.7 shows the absorption spectrum of the moderately doped sample (curve A), the
absorption spectrum of highly doped 04-969 (curve B) and the calculated absorption
spectrum obtained when the absorption spectrum of the moderately doped sample (where

band filling effects are negligible) is multiplied by the BM factor (curve C) . There is a
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close match between the two spectra confirming Burstein Moss effect. At higher energy
ranges, the calculated spectrum deviated from the actual absorption and this was

attributed to change in effective electron mass.

Photon recycling

Photon Recycling is the increase in carrier lifetime due to self absorption of
radiation in materials. The radiation emitted by recombination of electrons and holes has
energy larger than the band gap energy and is reabsorbed to create more electron hole
pairs. This effect causes an increase in radiative lifetime and is characterized by the
Photon recycling (PR) coefficient. PR varies with thickness of the active region and the
number of times light is reflected inside the active region before it escapes. The PR of a
number of the samples with different doping concentrations (p-type) was calculated by
calculating the overlap between absorption and spontaneous emission, as described in
[13] by taking into account multiple reflections from the surface. The coefficients
obtained from experimental absorption curves are shown as solid squares in Figure 1.8.
The absorption spectrum of sample 04-959 (doping 2.55%x10"7 cm3) was multiplied by
BM factors corresponding to different doping concentrations as given by (2) and using
these absorption spectra PR coefficients were obtained. The PR coefficients so obtained
are shown as a curve in Figure 1.8. The PR coefficient of sample 04-959 is 3.58, which is
lower than the commonly accepted value of 4 for InGaAs materials'. It is observed that
photon recycling coefficient decreases with increase in doping. The spontaneous
emission spectrum shrinks towards lower energy ranges as temperature decreases and
thus the PR decreases. Photon Recycling was found to vary as T ***

1.9.

as shown on Figure

Minority Carrier Lifetime
Spontaneous emission rate (Q) is the rate of decay of excess carriers Ap/t and the
minority carrier lifetime is given by:

T=-Ap/Q 3)



_8zN* T a(hv)-(hv?)

Q=
h*c? hy — /m —F hy—e Ym,/m —F
0.514 {exp{( v eg)mcv e e]'_l exp|:( v eg) SRALLY h}+l

k,T k,T

The theoretical approach is given in [13].

© was determined to be 16 ns at 300K for a doping of 4x10'" ¢cm™. In calculating Fermi
levels of majority carriers Nilsson’s global approximation has been used'®.

1o Brap s)

T
where B is the Radiative recombination coefficient. The lifetimes so obtained had to be
multiplied by their Photon recycling coefficients to obtain true radiative lifetime,

7, = ™<PR (6)
Value of B thus obtained was 1.5x10"" cm’/s at 300 K. A theoretical fit to the
experimental lifetimes shown in Figure 1.1 was made by simulating the radiative
lifetimes using (6). Since lifetimes are completely radiative till 200 K, lifetimes
calculated by (6) were almost equal to the experimental lifetimes in this temperature
range. Absorption tails indicated the presence of states below band gap. The effective
band gap was taken to be 0.52 eV and the effective density of states were taken to be 0.8
of Nc and Nv. Using these two parameters (band gap and density of states) the radiative
lifetimes were modeled over a wide range of temperature( 20 K- 300 K). A close fit to
experimental lifetimes in the temperature range 30 K- 200 K is observed. Above 200 K,
non radiative effects tend to affect the lifetimes since the integrated PL intensity dropped
at temperatures above 200 K. The difference in lifetime between experimental points and
the simulated radiative lifetime is then attributed to non radiative recombination. Non
radiative lifetime thus obtained was 133 ns at 300K and the radiative efficiency was
found to be 67%.

The radiative lifetimes (t;) of different doping concentrations were simulated and

are shown in Figure 1.10. Estimation of actual radiative lifetime requires the temperature

dependence of both Photon recycling coefficient and of 1.



Determination of Shockley-Read -Hall and Auger Coefficients

Experiment

In order to study the contributions of Shockley Read Hall (SRH) and Auger
recombination to the non radiative lifetime an undoped sample (3 pm thick) was used. To
examine the presence of SRH recombination, the undoped sample was excited using a
650 nm, 20 mW CW laser in order to achieve low levels of excess carrier concentration
(around 10'°-10"" ¢m™). Integrated PL intensity was obtained as a function of excitation
power by connecting the photo detector to a Stanford Research Systems SR 810 DSP
Lock-in Amplifier and the integrated PL intensity was determined in the same manner as
described in section 1.3. Figure 1.11 shows the Integrated PL as a function of excitation
power for the sample with thickness 3 um at 300 K. The experimental curve was super
linear at very low excitations. This implied presence of SRH recombination and indicated
a range of excess carrier concentration that began to saturate the defect centers and hence
radiative recombination increased super linearly with excitation. Once all defect centers
saturate, radiative recombination is predominant. At room temperature the non radiative
lifetime of the sample doped 4x10'7cm™ was taken to be due to Shockley-Read-Hall
(SRH) recombination as excess carrier concentration was not high enough to be
dominated by Auger process. The inverse of this lifetime gave the Shockley-Read-Hall
recombination coefficient A which has a value 8.33x10°s™.

To study Auger recombination, a very high excess carrier concentration was
required. The sample was excited with a 532 nm Q switched Nd: YAG laser with 0.5 ns
pulse width and repetition rate of 7 KHz. Reflective optics were used to focus the beam
on the sample. In order to get higher concentration of excess carriers a focusing lens was
used. The emitted radiation was collected using objective lenses and focused onto a
photo detector. Beam profile measurements were carried out to determine the size of the
spot in order to determine instantaneous excess carrier concentration. A HP 8153A
Lightwave multimeter was placed on the spot where the sample was excited and a blade

was used to slowly uncover the beam using a motorized travel stage along the vertical



and horizontal axis. The gradual change in intensity detected by the silicon head of the
light wave meter was differentiated to get a Gaussian curve as shown in Figurel.12. The

full width half maximum (FHWM) of the curve was taken to be the diameter of the spot.



Theoretical Analysis and Results

The theoretical analysis for interpreting the experimental integrated PL intensity

is given below.

The decay of excess carriers can be expressed by

% =- (AAn +B (p+An) An + C (p+An)*An)

0 t

J- dAn - —_ J. dt (7)
AAn+B(p+An)An+C(p+An)°An

An 0

The Integrated PL intensity per excess carrier concentration is equivalent to the radiative
efficiency and can be expressed as

1 :T BAn?(t)dt
An An

An

From (7),

1 _i B dAn
An 1 A+B(p+An)+C(p+An)*

(8)

A,B,C are the Shockley Read Hall , radiative recombination and Auger coefficients, An
is the concentration of excess carriers, p the background doping and I the Integrated PL

Intensity.

With values of A, B known the right hand side of expression (8) was evaluated
numerically, by assuming a value for C, and changing the limits of integration i.e. the
excess carrier concentration. The process was repeated for a number of different values of
C to obtain a family of curves as shown in Figure 1.13 with doping p assumed to be
4x10". Figure 1.14 shows the same family of simulated curves and compares it to

experimental points. The excitation pulse was very short when compared to the lifetimes



of carriers and the repetition rate was low enough to ensure that all carriers recombined
before the onset of next pulse. The instantaneous excess carrier density was then
determined accurately because the excitation power, the area and period of excitation
were known. Comparing the experimental points to the theoretical curves at high excess
carrier concentrations, C was estimated to be to be 5x10*° cm®/s .This is lower than the
value obtained by Kumar et.al'’ who report a value of 1x10* cm®s. The experimental
curve is super linear at very low excitations where SRH recombination is present. Once
all defect centers saturate, recombination is predominantly radiative. At very high excess
concentrations Auger process begins to dominate. Thus radiative efficiency reaches a
maximum and then decreases when Auger recombination controls the minority carrier
lifetime. The low value of C implies that the sample is not Auger limited and hence can
be doped to a level of 1x10'®, beyond which Auger recombination reduces the radiative
efficiency. Photon recycling coefficient decreases with doping as seen from Figure 1.8
and this effect can be offset by including a back surface reflector to confine radiation

within the active region and increase recycling.
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Conclusion:

Deviation of radiative recombination from T'° dependence was observed
experimentally in 0.52 eV InGaAsSb epitaxial materials grown lattice matched to GaSb.
This behavior was explained with the effect of density of states below band gap and
photon recycling. Photon recycling coefficient was calculated by taking into account
multiple reflections. The radiative recombination coefficient B was calculated to be
1.5x10™"° cm’/s at 300 K. Good agreement of the model was observed with experimental
lifetimes in wide temperature range 30-200 K. Radiative and non radiative lifetimes were
separated and Auger coefficient C was estimated to be 3- 5x10% ¢cm®s at 300 K. This
value is lower than previously predicted. The low value of C allows increased doping in
TPV devices up to the level of 1x10'™ which can lead to higher open circuit voltage. The
decrease of recycling with higher doping can be overcome by including a back surface

reflector.
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Figure 1.1: Experimental set up used in TRPL technique.
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Figure 1.9: Temperature dependence of Photon Recycling for sample doped 4x10"".
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Figure 1.11: Integrated PL intensity as a function of Excess carriers at low excitation.
The undoped sample was excited using a 650 nm, 20 mW CW laser, in order to achieve
low level of excess carrier concentration. Super linear behavior confirms Shockley Read
Hall recombination.
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values of C. The sample was excited with a 532 nm Q switched Nd: YAG
laser with pulse 0.5 ns pulse width and repetition rate of 7 KHz.
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Section 2-Surface Passivation of GaSb-based Semiconductor

Devices

Introduction

GaSb based systems are promising candidates for optoelectronic devices in the 2-
5 um wavelength range. However antimonides have a high density of defect states at the
metal and semiconductor interface that lead to large surface currents'?. It is suggested
that oxidation of GaSb at room temperature results in high concentration of elemental
antimony at the oxide- GaSb interface leading to increase of the surface leakage current °.
The presence of elemental antimony leads to the generation of surface states, reducing the
minority carrier lifetime and limiting device performance. Passivation of the surface then
becomes essential to improve the surface properties of GaSb. Surface passivation using
sulfur-based solutions are widely employed as they improve the surface electronic
properties*”’. Parameters such as barrier height, leakage current, resistivity, breakdown
voltage, fixed charges, ageing, and thermal stability are improved by passivation. These
improvements are expected to be the result of formation of surface layer consisting of
thermally stable S—III and S—V bonds®. Though suitable passivation schemes using sulfur
based species have been demonstrated, the passivated surface degrades after exposure to
the atmosphere with time. Suitable capping is necessary for the passivated surfaces to
retain the advantages of passivation”

This investigation focused on achieving passivation by two approaches-creating
mesas by micromachining and pulsed anodization technique. Fabrication methods such as
Reactive-Ion Etching (RIE) are found to cause damage to the device surface'®'!.
Micromachining by removal of materials with ultrafast (femto-second scale) laser pulses
is known to be free from thermal effects and associated damage. Mesas of Schottky
interfaces were fabricated by micromachining and their surface currents were compared
to untreated Schottky diodes obtained from conventional processing techniques. It was
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found that micromachining does not damage the surface as opposed to RIE and that it
reduces the surface current in devices when compared to unpassivated devices obtained
from lithography.

The other approach employed pulsed anodization technique to passivate the
surface of Schottky barriers. This method was proposed as a replacement to standard
dielectric films such as silicon oxide and nitrides in order to achieve current confinement
in laser diodes'?. Though natural oxidation of GaSb forms a thin layer of oxide and leads
to deleterious effects, pulsed anodization results in the growth of a thick layer of oxide
which can be used for passivation. We employed this method to passivate Schottky
diodes and achieved a reduction of the device surface current by an order of magnitude.
Li et.al' obtained 3.6 times reduction in dark current and a further reduction of 9.2 times
reduction when a polyimide encapsulation was used. We report 10-11 times reduction of
surface current without encapsulating the mesa sidewalls.

A number of metals including Au, Ag, Al, Ni, Cr, In and Pd have been used to
fabricate metal-semiconductor interfaces to GaSb'*'*. Titanium is commonly used in
creating ohmic contacts and is known to have good adhesive properties. We decided to
utilize the adhesive property of Titanium to fabricate a Ti-GaSb interface as a Schottky
barrier. Work on Ti-GaSb Schottky interfaces has not been reported widely in literature.
Ideally the barrier height is determined by the difference between the metal work
function and electron affinity of the semiconductor. Titanium has a work function of 4.33
eV and GaSb has electron affinity of 4.03 eV'>. In an ideal case the barrier height of the
interface would be 0.3 eV although doubts exist on the exact barrier height and the
mechanism of barrier formation'®. Titanium, when used in ohmic contacts has to be

annealed. However without annealing, a rectifying contact is obtained.
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Fabrication and characterization of Ti-GaSb Schottky contact

Three types of Au/Ti/GaSb-based Schottky diodes with various diameters of the
active area were fabricated and tested: (1) devices with the active area defined by
micromachining; (2) devices with the active area defined by photolithography and no
surface passivation; (3) devices with the active area defined by the lithography and
surface passivation with a native oxide obtained by pulsed anodization method.

A 500 pm thick GaSb substrate was first mechanically polished with 5 um
Aluminum Oxide powder to bring down its thickness to 200 pm. This was followed by
lapping using 50 nm TiC powder. The polished substrate was then dipped in dilute HCI]
solution to remove any oxide from the surface. Then, a low-resistance Ohmic contact was
fabricated onto n-side of GaSb by deposition of Ni-Ge-Au-Ni-Au followed by annealing
in an inert atmosphere at 250°C for 2 minutes. A low contact resistance was essential for
consistent determination of the diode saturation current. The actual Schottky barriers
were formed on another side of the n-GaSb wafer by depositing 5 nm of Ti followed by
100 nm of Au.

Mesas, defined by micromachining, were obtained by forming closed circular
grooves by material evaporation with a Spitfire Pro amplified femtosecond laser system
from Spectra-Physics. The laser system has a Ti: Sapphire amplifier with a pulse width of
35 femtoseconds and a repetition rate of 1 kHz. A motorized X-Y travel system was
programmed to provide circular motion of the samples to create grooves in the sample. A
schematic of the set up is shown in Figure 2.1.

It is known that the micromachining process has a threshold power. In fact, no
marks on the surface were obtained for average power levels below 10 mW (a 1 kHz
repetition rate). Micromachining was carried out at various average power levels: 12, 16,
20, 30 and 40 mW. Grooves with a typical width of several tens of microns were formed.
Figure 2.2 shows the groove depth as a function of the power level. The inset shows a
schematic of the cross section of the mesa obtained by micromachining. It might be
possible to obtain mesas at power levels lower than 10mw by either increasing the
repetition rate of the laser or decreasing the velocity of the travel system and it is a

subject of further study.
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Schottky metal contacts using photolithography were obtained by a metal lift-off
method of epi-ready GaSb wafers covered by a photoresist with open windows. The
GaSb surface inside the windows was etched in diluted HCL:DI water (1:10)
immediately before the metal deposition.

Fabrication steps for the GaSb Schottky diodes with the surface passivated by
pulsed anodization are illustrated in Figure 2.3. The process of pulsed anodization for
growth of native oxide on a GaSb surface (step 1) has been described in detail in Ref. 11.
In step 2 the windows in the oxide were open by oxide removal in diluted HCL using a
mask formed by standard photolithography. Later on, Ti/Au layers as described above
were deposited (step 3) and lifted-off with the photoresist mask. Finally, the Schottky
junctions with depletion regions protected by a native oxide were obtained (step 4).

The devices were soldered onto copper plates in order to carry out measurements
of the I-V characteristics. Figure 2.4 shows the IV curves obtained by 4 terminal method
in a linear scale depicting the rectifying properties of the Schottky diode. The I-V curves
for samples with different diameters are shown in a semi-log scale in Figure 2.5. The
diode saturation current Is, was obtained by extrapolation of exponential parts of the -V
characteristics to intersection with Y-axis. Deviation from the exponential dependence at

very low currents is due to some offset current.
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Results and discussion

Analysis of the obtained data was performed assuming both constant surface
current density per unit length Jg,r (A/m) and constant bulk current density per unit area

J (A/m?) as described by the following expression

|, =J, 27R+J, 7R’ (1)

sat — “surf

where R is the radius of the mesa. For the mesas obtained by micromachining, the
surface current density per unit length (A/m) was obtained as the offset of the dependence
of the saturation current per mesa circumference versus radius (Figure 2.6). All
experimental points are plotted in Figure 2.6 and lines are drawn through them to
determine offsets. Table 1 gives the surface current densities obtained along with the
errors in determining them. It is seen that the current densities of mesas obtained by
micromachining is lower than that of unpassivated devices obtained by lithography,
which has an offset of (11.8 = 0.16) nA/um as shown in Figure 2.6. The surface current
densities were lowered by 1.64 times for 16 mW, 1.84 times for 20 mW and 2.36 times
for 40 mW. These figures were obtained when the maximum error in determining the
offsets (Table 1) were added to the actual offsets and compared to the offset of the mesas
of unpassivated devices obtained from lithography. This lowering of surface current is
seen in mesas obtained by all power levels except 30 mW where a single mesa with a
radius of 177 pm causes the offset to be higher than the mesas obtained with other power
levels.

The data on saturation current for Schottky diodes with no passivation and for
devices with the depletion region surface passivated with a native oxide are presented in
Figure 2.7. The saturation currents for the standard devices (solid symbols) have clearly
larger values and large data scattering (lower reproducibility) compared to devices with
native oxide surface passivation (open symbols). The surface current densities for the

standard devices and devices with surface passivation were determined to be (1.18 +
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0.16) nA/um and (0.11 £ 0.077) nA/pum respectively. The slopes of the linear fits are
slightly different and this is attributed to the difference in doping of GaSb substrates.

Thus, the passivation with a native oxide resulted in 10-11 times reduction of the

surface current density per unit length which is a considerable improvement.
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Conclusion

It was found that machining does not degrade the GaSb surface quality resulting
in the surface current densities for Schottky diodes similar or even smaller than those
obtained for devices with the unprocessed surface. The observed surface passivation by
micromachining can be attributed to formation of a protecting oxide, subject of further
study.

Passivation of the surface of GaSb-based Schottky diodes by a native oxide
obtained by pulsed anodization was studied. A reduction of the surface current density by

10-11 times has been achieved.
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Figure 2.1: Schematic of the micromachining apparatus
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Figure 2.2: Dependence of the groove depth on average laser power. Inset shows
the cross section of the sample obtained by micromachining with
radius R and depth D.The top contact is a Schottky contact while the
bottom contact is ohmic.
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Step 1: Oxide growth Step 2: Lithography and oxide removal

T

Step 3: Metal deposition Step 4: Metal liftoff

= GaSb substrate L Metal Native oxide

Figure 2.3: Steps in obtaining the Schottky contact with surface passivation by a
native oxide
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Figure 2.4: I-V characteristics of Schottky diode with mesa radius 236 pm with Ti
contact showing the rectifying properties of the barrier

39



=
o
N

H
Ou
w

Current (A)

0.0 0.1 0.2 0.3 0.4
Voltage (V)

Figure 2.5: I-V characteristics of Schottky diodes with metal contact radii of 65,
120, and 225 pm from bottom to top, respectively.
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Figure 2.6: Dependence of the saturation current per mesa circumference versus
the mesa radius for samples micromachined at different average
power levels P.
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Figure 2.7: The device saturation current per mesa circumference versus the device
radius. The circles and squares represent Schottky diodes with no passivation
and with oxide passivation. The offsets (which are the surface current
densities) were determined to be (1.18 = 0.16) nA/um and (0.11 £0.07)
nA/um, respectively.
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Power (mW) Jsurf Error
(nA/pm) (nA/pm)
16 3.4 3.8
20 2.6 3.8
30 16.2 55
40 0.5 4.5
50 4.5 8.1

Table 1: Surface currents obtained for various micromachining power levels and the

errors in calculating them
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