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InAlAs/ InGaAs metamorphic high electron mobility transistor(MHEMT) epitaxial structures have
been characterized using surface photovoltage spectroscopy(SPS). The measurements have been
extended to pseudomorphic high electron mobility transistor(PHEMT) epitaxial structures and to
complete devices. The direct current characteristics of the latter were also measured. An empirical
model, which correlates the top and bottom delta-doping concentrations(dtop and dbot) and the
surface charge densityQsur with spectral features, has been applied to the MHEMT and PHEMT
structures before and after processing. The results show correlations between extractedQsur and the
measured threshold voltage and drain saturation current of the devices. The analysis shows general
correlations between epistructure parameters and final device performance and indicates the
universality of the model for the different HEMT structures. Thus, SPS is sensitive not only to
epitaxial structure parameters but to final device performance and may be used for technology
evaluation from the wafer incoming inspection stage to the final device.© 2004 American Vacuum

Society.[DOI: 10.1116/1.1787518]
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I. INTRODUCTION

Metamorphic high electron mobility transisto
(MHEMTs) are attractive for low noise, high speed appl
tions due to their high cutoff and maximum oscillat
frequencies1,2 as well as their low cost GaAs substra
MHEMTs are preferable over the widely used pseudom
phic HEMTs(PHEMTs) because of the higher In concent
tions in their InGaAs channels and also thicker chann
although MHEMTs suffer from higher defect densities du
the metamorphic growth process.

The complex design and growth procedures of MHEM
require an effective characterization technique for mon
ing growth quality and device parameters as early as pos
before and after processing. The measurement tech
should be contactless, nondestructive, fast, and wafer-s
Indeed, photoluminescence3,4 and x-ray diffraction5 have
been used for the characterization of MHEMT structure

Surface photovoltage spectroscopy(SPS) is a method
which fulfills most of the demands for comprehensive t
sistor structure characterization and for incoming w
inspection.6 SPS monitors changes in the semiconductor
face work function induced by absorption of monochrom
light, giving rise to surface photovoltage(SPV). A detailed
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description of this method and its applications may be fo
in Ref. 7. This technique has been successfully applie
characterization of structures and devices.8–12

In this work, MHEMT structures have been character
using SPS measurements and numerical simulations. W
troduce an empirical model, which correlates spectral
tures and epitaxial structure parameters. Applying the
pirical model to MHEMT and PHEMT structure analy
shows the universality of the model for different HEM
structures. We show examples of the model applicatio
comparison of MHEMT epitaxial structures before and a
processing. Direct current(dc) measurements performed
complete devices show correlations between epistructur
rameters and final device performance.

II. EXPERIMENT

A double-sided delta doped MHEMT structure grown
molecular beam epitaxy on a GaAs substrate is shown in
1. It consists of several layers:(1) A metamorphic InAlAs
buffer with graded In composition and a typical thickn
about 1mm. The purpose of the metamorphic buffer is
match between the GaAs and InGaAs lattice constants(2)
InAlAs (with a typical In composition of 50% and a thic
ness of 35–45 nm) buffer. The purpose of the InAlAs buff
is to prevent metamorphic buffer defects from reaching

active region of the device.(3) Two delta-doped layers of

2434/22 (5)/2434/5/$19.00 ©2004 American Vacuum Society
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n+-InAlAs (with Si sheet concentration in the range of 1
31012 cm−2) on both sides of the channel, which are
source of electrons for the conductive channel.(4) Two lay-
ers 4–5 nm thick of undoped InAlAs, acting as spacers
separate the donors further from the channel electrons
reduce Coulomb scattering.(5) An undoped InGaAs qua
tum well (QW) (with a typical In mole fraction of,50%)
provides the conductive channel, in which the electrons
strongly confined.(6) An undoped 10–15 nm InAlAs lay
(also known as the Schottky layer), on top of the InAlAs
delta-doped layer, separates the channel from the gate
trode. (7) The structure top layer is a highly dop
n+-InGaAs cap, which is used for source and drain Oh
contact formation.

The SPS measurements were performed in air usi
commercial Kelvin probe unit(Besocke Delta Phi, Julic
Germany). The optical system consists of a 250 W tungst
halogen lamp, a double monochromator(McPherson, USA)
and a set of bandpass filters to avoid second order harm
The measurement sensitivity is about 1 mV and the
intensity is in the order of 10mW/cm2 at a wavelength o
750 nm. Neutral density filters control the light intensity
SPS, the change in the contact potential difference(CPD)
between a gold Kelvin probe and a semiconductor surfa
a result of illumination is monitored. The CPD is defined

eCPD =Ws − Wm, s1d

where Ws is the semiconductor surface work function a
Wm is the Kelvin probe work function. Since the work fun
tion of the metallic electrode does not change under illu
nation, one can assume that the difference between the
under illumination and the dark CPD is given by

e · DCPD =DWs = − e · DVs = − e · SPV, s2d

whereVs is the surface potential. TheDCPD that is moni
tored by the Kelvin probe method is opposite in sign to
SPV. The SPV spectra analysis is based on quantitativ

FIG. 1. Typical epitaxial structure of a MHEMT.
merical modeling. The Poisson equation, the continuity
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equations for electrons and holes, and the current equa
are numerically solved.13 The initial conditions for the nu
merical model can be obtained from the equilibrium di
butions of electrons and holes and the electrostatic pot
obtained by the procedure outlined in Ref. 14. Various s
conductor interfaces, based on different materials,
present within the device. Therefore, all the structural pa
eters, including electron affinity(work function) and mobil-
ity are considered as position dependent.

The system of the relevant partial differential semic
ductor equations, together with appropriate boundary
initial conditions, cannot in general be solved explic
Therefore, the solution is obtained numerically. For the
cific problem in this work, we have used the finite differe
method described elsewhere.15 It has been successfully us
for the characterization of different structures and dev
The detailed description of these applications is outline
Refs. 8–11.

Self-aligned-gate MHEMT devices have been fabric
with 0.25mm Ti/Pt/Au and Ti/Pt gates. A description of t
self-aligned gate MHEMT fabrication may be found in R
16 and 17. The source-drain Ohmic contacts were mad
ing Ni\Au\Ge\Au metallurgy. All dc measurements w
performed on a HP 4551B semiconductor analyzer.

III. EMPIRICAL MODEL

Figure 2 shows parts of CPD experimental spectr
double-sided PHEMT(solid curve) and MHEMT (circles)
structures. At the low energy region, absorption takes p
in the QW. At this portion of the spectrum, the PHEM
signal increases while the MHEMT signal decreases. At
ton energies above 1.4 eV, a second peak in the PH
spectrum is observed. This feature may be attributed t
sorption in GaAs. At low photon energies, Fermi filling, d
to high electron concentration in the channel, dominate
InGaAs absorption.18 This effect significantly changes t
absorption coefficient of the QW by blueshifting its edge
reducing its magnitude at higher energies.

Typical HEMT structures are designed in such a way

FIG. 2. Experimental CPD spectra of a PHEMT(solid curve) and a MHEMT
(circles). Labels correspond to the spectrum parameterization sch
AI—first peak amplitude,HI—first peak height.
there are two oppositely directed electric fields in the buffer
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and in the Schottky layer.19 Thus, the SPV signals from the
layers are of opposite signs. Numerical simulations
formed for PHEMT structures show that the total SPV sig
is a combination of the signals from all structure layers.
sorption of light in the QW creates electron-hole pairs. W
electrons are confined within the QW by fields in the bu
and Schottky layers, holes are likely to overcome the Q
Schottky layer interface or the QW-buffer interface poten
barrier. The holes are swept by the electric field in the bu
or in the Schottky layer, contributing to signals with oppo
signs—a positive signal from the buffer and a negative
from the Schottky layer. This makes it possible to decode
spectrum in the QW region according to the signal sign

Figure 2 shows parts of CPD spectra in the QW regio
absorption of the PHEMT and MHEMT structures. The li
absorption occurs in the QW. In the case of the PHE
spectrum, a positive signal is observed at lower ener
This is because the dominant signal comes from the b
When the signal from the buffer is saturated, the total S
changes sign because of the dominating signal from
Schottky layer. The start of absorption in the GaAs buffe
the reason for the signal increase at a photon energ
1.41 eV and the second peak formation in the PHEMT s
trum. In the case of the MHEMT SPV spectrum, a nega
signal is observed in QW region of absorption. This is
cause the dominant signal comes from the Schottky
region. The signal sign changes when the Schottky layer
tribution is saturated. The second peak related to GaA
sorption does not appear in the MHEMT spectrum bec
there is no GaAs buffer in that structure. The energy of
first peak appearance is dictated by the electric field d
bution within the structure while this energy position i
result of signal saturation from one of the layers(Schottky or
buffer). This saturation is a result of a reduced electric fi
in the layer due to photogenerated charge redistribu
Thus, the higher the initial electric field in the layer,
higher is the photon energy where saturation occurs(if at
all). Therefore, the spectral shape in the QW region of
sorption is defined by the electric field distribution within
structure. The different charge densities in the structure
cause spectra shape changes. We developed an em
model that correlates the SPV spectrum and the HEMT s
tural parameters.

The spectra of the HEMT structures were paramete
in Fig. 2. The spectral parameters are the amplitude o
first peak(or minimum)—AI and the peak height(relative to
the interpeak valley)—HI. The signal amplitude is defined
the overall electric fields distribution in the structure, wh
is dictated by the top and bottom delta-doping levelsdtop and
dbot and surface charge densityQsur. Thus,AI depends on a
charge densities in the structure.HI is a result of the stron
interplay between the signals from the Schottky and bu
layers. This interplay depends on the electric field distr
tion in the buffer and Schottky layers, which is defined
dtop anddbot.

An empirical model, which correlates the spectral feat
I I
sA ,H d and the structural parameters(dtop, dbot, andQsur) has
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been developed using numerical simulations. This mode
been applied to several PHEMT structures. The efficac
the model for PHEMT characterization is shown in Ref.
dtop, dbot, and Qsur are changed in the simulated structu
and their effects onAI andHI in simulated spectra are an
lyzed. A two-level factorial design12,20,21 has been used
define the device structure with different combinations
structural parameters. Detailed description of the mod
procedure and the model coefficients is given in Ref. 12.
model shows that the differences in the spectral parameAJ

(relative to a reference structure) are given by

DAJsdtop,dbot,Qsurd = CdtopDdtop + CdbotDdbot + CQsur
DQsur,

s3d

where Cdtop, Cdbot, CQsur
are coefficients, which weight th

influence of each of the electrical parameters on the sp
parameterAJ.

The spectra of a double-sided delta-doped PHEMT(rep-
resented by the solid curve in Fig. 2) and a MHEMT(circles)
have been compared. Thedtop in the PHEMT structure i
5.4531012 cm−2. The structures have the samedbot level
while the difference indtop specified by the supplier is
31012 cm−2. Variations indtop change the electric field di
tribution in the Schottky layer region and thus the spe
shapes of the QW absorption region significantly differ.
difference indtop between PHEMT and MHEMT structur
has been calculated using the model.Qsur is assumed to b
the same, which reduces Eq.(3) to DAI =130Ddtop. The cal-
culatedDdtop is 0.931012 cm−2, which is in good agreeme
with the grower specifications.

IV. MHEMT RESULTS

Figure 3 shows experimental CPD spectra of
MHEMT structures: M1 (solid curve) and M2 (circles).
There is a difference in thedtop level between the two stru
tures, denoted byDdtop. A higher dtop in M2 leads to th
dominating signal from its buffer layer and an overall p
tive signal in the QW region. Thedtop of M1 is 4.45

12 12 −2

FIG. 3. Experimental CPD spectra of two MHEMT structures:M1 (solid
curve) andM2 (circles).
310 ±0.45310 cm . The Ddtop extracted from the
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model is 0.5031012±0.0531012 cm−2, which is in good
agreement with the grower specification −0.5531012±0.05
31012 cm−2.

In order to check the robustness of the model in w
incoming inspection, 0.25mm devices have been fabrica
on wafers with epistructures similar toM1 and M2 struc-
tures. The device characteristics related directly to the d
doping level is the maximum drain-source current—Imax.
Imax is defined as the drain current at maximum gate volt
This current is given by the expression

Imax= qnSnSw, s4d

where q is the electron charge,ns is the channel electro
sheet density,ns is the electron saturation velocity in t
channel, andw is the gate periphery, which is defined a
gate finger width times the number of gate fingers. For
vices with the same gate peripheryswd, Imax is defined bynS,
which is given by

ns =E
x1

x2

nsxddx, s5d

wherensxd is the distribution of mobile charges within t
well, x1 andx2 are the coordinates of the buffer/QW and
QW/Schottky layer interfaces, respectively.22 nsxd is directly
related to the delta-doping levels.

The IdssVgsd curve of two-finger transistors with 100mm
gate periphery manufactured on two wafers has been
sured, whereIds is the drain-source current andVgs is the
gate-source voltage. Figure 4 showsIdssVgsd curves for tran
sistors with 100mm gate periphery fabricated onM1
(circles) and M2 (squares) structures measured at a dra
source voltage ofVds=1 V. The inset shows part of th
IdssVgsd for positive Vgs voltages. Table I summarizes t
results of comparing the two epistructures and fabricate
vices. The results show a good correlation between sup
data, differences indtop extracted from the model and fin
device performance. This demonstrates the sensitivity o
methodology to even slight differences in the delta-do
level. The model enables prediction of the device dc

FIG. 4. IdssVgsd curves of 100mm gate periphery transistors produced
epistructuresM1 (circles) andM2 (squares) structures. Inset shows part
IdssVgsd curves at positiveVgs and indicates differences inImax.
power performance.
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V. SPS ON MHEMT DEVICES

Figure 5 shows the QW absorption parts of CPD spe
of two wafers with fabricated MHEMT devices,W1 (solid
line) andW2 (circles). The two wafers had the same epita
structure before the fabrication process withdtop=5
31012 cm−2. The process steps included conventiona
loyed Ohmic contacts and a self-aligned submicronT gate
The minimum signal magnitude atE=1.43 eV differs by
28 mV. This difference may be related to differences inQsur

between the two wafers—DQsur. Qsur extracted from th
model for W2 is 1.331013 cm−2. Applying the model fo
comparing the two spectra yieldedDQsur showing a mor
positive surface charge density atW1 by 5.631012 cm−2,
i.e., an increase of 40% inQsur. The device threshold volta
VT is proportional to the doping density.22 A more positive
surface charge density means an additional positive pot
at the surface. It changes the potential profile of the stru
in such a way that the Fermi level is at a higher en
position within the channel. In this case, without any app
Vgs, the channel is less depleted and the electron shee
sity in the channel is higher. Thus, more negativeVgs should
be applied to deplete electrons from the channel. Su
structure requires a more negative threshold voltageVT and a
higher drain current atVgs=0, Idss to operate. To obtain
correlation between the surface charge density, extr
from the SPS measurements, and device performance,
tical coplanar devices with 200mm gate periphery onW1
and W2 have been characterized and compared. Resu
the device comparison onW1 andW2 are given in Table I
The results show forW1 Idss, and the absolute value ofVT are
higher by about 20% relative toW2.

TABLE I. Results of SPS and dc characterization of two MHEMT struct

dtop for MHEMT structureM1 scm−2d 4.4531012

RelativeDdtop by supplier(%) 12
RelativeDdtop from model(%) 11
RelativeDImax calculated(%) 12

FIG. 5. QW absorption parts of CPD spectra from two wafers with fa

cated devices,W1 (solid curve) andW2 (circles).
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VI. CONCLUSIONS

A methodology of MHEMT technology characterizatio
using SPS has been developed. The methodology is us
technology evaluation from the wafer incoming inspec
stage to the final device stage. A universal empirical m
developed for PHEMT structures has been tested
MHEMT structures and successfully applied for compa
PHEMT and MHEMT structures. Based on the model,
differences of doping density between different MHE
structures have been found. These differences correlate
characterization results of final devices fabricated on
structures: a relative difference of 12% inImax correlates with
a relative difference of 11% indtop extracted from SPS cha
acterization of the structures before processing. In add
SPS measurements have been performed on two stru
after processing. Differences in surface charge density
been found from SPV spectra. The results of SPS chara
ization correlate with the results of dc characterization o
fabricated devices. Devices with increased positive su
charge density shows increasedIdssand absolute value ofVT.
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