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Surface photovoltage spectroscopy of epitaxial structures for high electron
mobility transistors
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AlGaN/GaN high electron mobility transistor, AlGaAs/InGAs/GaAs pseudomorphic HEMT, and
INnAlAs/InGaAs metamorphic HEMTMHEMT) epitaxial structures have been characterized using
surface photovoltage spectroscopy. The effects of the transistor top and bottom delta-doping levels
Siops Obot» @nd surface charg®g,, on the spectrum features have been studied using numerical
simulations. Based on the latter, an empirical model has been developed, which allows extraction
and comparison 0By, Spot, @and Qg and is applicable for both double-sided and single-sided
delta-doped structures. Prediction of the final device performance by the model is shown for two
MHEMT structures. Devices produced on these structures show maximum drain currents, which
correlate well withdy,, values calculated using the model. ZD03 American Institute of Physics.
[DOI: 10.1063/1.1613794

GaN/AlGaN high electron mobility transisto(SlIEMTS) characterization of structures and devitkg® Recently,
have been very promising for high power high-speedChenget al. reported on SPS characterization of PHEMT
application$ due to their high electron mobility of two- structures? Signals have been observed from every region
dimensional electron gaDEG), good thermal isolation, of the sample. From a line shape fit of the SPV signal with
and high breakdown voltage. High cutoff and maximum os-respect to the photon energy, the authors obtain the 2DEG
cillation frequencies® together with low-cost GaAs sub- density. The Al composition of the GaAs/AlGaAs superlat-
strates make metamorphic HEMT®HEMTS) attractive for  tice buffer as well as the intersubband transition energies of
low-noise applications. InGaAs/GaAs pseudomorphicthe buffer and channel layer have been deduced from the
HEMTs (PHEMTS are the current “work horses,” widely €xperiment. However, the authors do not refer to electrical
used for microwave, high speed and power applicatfons. ~field and charge distributions in the epistructures with differ-

The interplay of epitaxial structure parameters and lat€nt material composition and different band lineups and their
eral geometry parameters of a transistor defines the distripigorrelation with the final device performance.
tion of electric fields within the device and thus its electrical ~ In this letter, we present a methodology of contactless
performance. The top and bottom delta-doping levéls, characterization of various HEMT structures. This approach
and 8y, together with the surface and interface charge deniS based on deep analysis of HEMT SPV spectra together
sitiesQ,,,andQ,, and layer thickness define the distribution With numerical simulations of spectral features and empirical
of the vertical electric fields within the device and the elec-modeling. The empirical model is applied to characterization
tron sheet density in the channel. They affect the final dc an@f differences in doping level between various GaN/AlGaN
f device parameters. Thus, it is crucially important to de-HEMT, MHEMT, and PHEMT structures. dc characteriza-

velop a methodology capable of predicting eventual devicdion Of final devices has been performed. _
performance based on monitoring epistructure parameters, HEMT structures have been fabricated by metalorganic

Such a methodology should be contactless, nondestructivgneémical vapor depositiotMOCVD) and molecular beam

wafer-scalable, and usable for structures with different mate€Pitaxy (MBE) growth techniques. Table | summarizes the

rial compositions. Indeed, photoluminescetftelectrore- material composition and range of doping levels of the struc-
flectance, photoreflectanéeand x-ray microscopy have
been used for the characterization of HEMT structures. TABLE I. Materials properties of studied HEMT structures.

Surface photovoltage spectroscof§PS is a method,

: . . PHEMT MHEMT AlGaN/GaN
which fulfills most of the demands for comprehensive tran- HEMT
sistor structure characterization and for incoming wafer.
inspection’” SPS monitors changes in the semiconductor sureowth MBE MBE MOCVD
face work function induced by absorption of monochromatictecrmlque
. - . y p . Substrate GaAs GaAs SiC
light, giving rise to surface photovoltagSPV). A detailed  channel 1p.,Gay AS INo <Gy AS GaN
description of this method and its applications may be founduffer GaAs-AlGaAs INAlAS GaN
in Ref. 10. This technique has been successfully applied f<)|$0h0ttky AlGaAs InAlAs AlGaN

ayer

Top
3Also at: Department of Electrical and Computer Engineering, Ben-Guriondelta-doping  3—& 10'2 cm ™2 3-6x10"2 cm 2 1x10% cm 2
University, Beer-Sheva 84105, Israel. Bottom
PAlso at: Gal-EI(MMIC), P.O. Box 330, Ashdod 77102, Israel. delta-doping 0.4—1%10%cm 2 0.4—1.5¢10%cm 2
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FIG. 1. Typical surface photovoltage spectra of a PHE@dlid curve and

two MHEMT structuresM 1 (circles andM2 (squares Labels correspond  FIG. 2. Surface photovoltage spectra of two single-sided doped structures
to the spectrum parameterization schen®:—first peak amplitude, GaN HEMT and MHEMT(insey.

H'—first peak height. Inset: Simulated SPV signal from a double-sided

delta-doped PHEMT structur@olid curve together with simulated signals

from buffer (circles and Schottky layetsquarels delta-doped PHEMT structurg(solid curve and two

MHEMT structures,M 1 (circles andM2 (squarel which
differ in their top delta-doping, levels. Differences iy,
o . ) "etween the structures lead to changes in electric fields dis-
been performed in air using a commercial Kelvin probe unit i, tions and potential profiles, which, in turn, lead to varia-
with a sensitivity of~1mV. _ .. tions of spectral shapes between the structures. At the low
The SPV spectra analysis is based on quantitative SImLEnergy region, absorption takes place in the QW. At this
lations, numerically solving the Poisson equation, the SChrOportion of the spectrum, increasing signéisr PHEMT and
dinger equation, the continuity equations for electrons ancMz spectraas well as decreasing signafer M1) are ob-
holes and the current equatioHsTypical HEMT structures served. At energies above 1.4 eV, a second peak in the
are designed in such a way that there are two oppositelpEMT spectrum is observed. This feature may be attributed
directed electric fields in the buffer, a wide layer grown oniy gaas absorption. At low photon energies, Fermi filling,
the substrate that is introduced to prevent substrate defec{fe 1o high electron concentration in the channel, dominates
from reaching the active region of the device, and in theihe |InGaAs absorption coefficiett This effect significantly
Schottky layer, an undoped layer that separates between th@anges the absorption coefficient of the QW by blueshifting
gate and the channdl.Thus, the SPV signals from these its edge and reducing its magnitude at higher energies.
layers are of opposite signs. The total SPV signal is a com- Figure 2 shows SPV spectra of a single-sided delta-
bination of the signals from all structure layers. The signaldoped GaN HEMT and a MHEMTsee inset of Fig. 2 The
magnitude is a complicated function of light absorption andotal signal in the QW absorption region is positive. There-
the electric fields in any absorption region. Absorption offgre, Spv spectra of double-sided and single-sided delta-
light in the quantum wellQW) creates electron-hole pairs. doped structures with different material composition may be
While electrons are confined within the QW by fields in fully understood.
buffer and Schottky layer, holes are likely to overcome the  The spectra of HEMT structures were parameterizeg
QW-Schottky layer interface or the QW-buffer interface po-Figs. 1 and 2 The spectral parameters are the amplitude of
tential barrier. The holes are swept by the electric field in thehe first peak'or minimum A' and the peak height'. The
buffer or in the Schottky layer direction, contributing to sig- signal amplitude is defined by the overall electric fields dis-
nals with opposite signs. The inset in Fig. 1 shows the simutribution in the structure, which is dictated By,,, Sper, and
lated SPV signal from the buffécircles, the Schottky layer Q. Thus,A' depends on all charges densities in the struc-
(squarep as well as the total signalsolid curve for a  ture.H' is a result of the strong interplay between the PV
double-sided delta-doped PHEMT structure. In the simulatedrom the Schottky and buffer layers. This interplay depends
case, at photon energies below 1.37 eV the signal from then the electric field distribution in the buffer and Schottky
buffer is dominant, which results in a positive total SPV.layers, which is defined byo, and S
When the signal from the buffer is saturated, the total SPV  The empirical model, which correlates between the spec-
changes sign because of the dominating signal from theal featuresA!, H' and the structural parametedg,,, Spor,
Schottky layer. The absorption in the buffer is the reason foand Qg has been developed using numerical simulations.
the second peak formation. In a GaN/AlIGaN HEMT struc-This model has been applied to several PHEMT structures
ture, a triangular QW is formed at the interface with and the efficiency of the model for PHEMT characterization
Schottky layer. Thus, the potential barrier for holes is muchis shown in Ref. 1584, Spor, @and Qg are changed in the
smaller in the Schottky layer direction and holes generatedimulated structures and their effects ah and H' from
by QW absorption are swept toward the Schottky layer, consimulated spectra have been analyzed. A two-level factorial
tributing to a dominant positive signal in the QW region of desigrt®?>?! has been used to define the device structure
absorption. with different combinations of structural parameters. De-

Figure 1 shows parts of SPV spectra of a double-sidedailed description of the modeling procedure and the model
Downloaded 18 Sep 2003 to 132.66.16.12. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



Appl. Phys. Lett., Vol. 83, No. 12, 22 September 2003 Solodky et al. 2467

coefficients are given in Ref. 15. The model shows that the8.2% inl . was measured correlating with the difference in
differences in a spectral parametek (relative to a reference diop extracted from the model. This demonstrates the sensi-
structure is given by tivity of our methodology to even slight differences in the
AAJ(5t0p=5botaqur):C§topA Brop+ Cspotd Bbor ggcvzz:jggl?grr:]egféééllows prediction of the device dc and
+ Cosud Qsurs (1) In conclusion, GaN/AlGaN HEMT, MHEMT, and
PHEMT epitaxial structures have been characterized by SPS.
5ﬁects of b}og, 6bot., and qur on SPV spectra were found,
using numerical simulations. A complete empirical model
providing doping levels has been developed. The universality
of the model for characterization of HEMT structures of
various material compositions is shown. The capability of
characterization using SPS to predict the final device perfor-
mance has been demonstrated for MHEMT structures.

whereC s, Canots Casur@re coefficients, which weight the
influence of each of the electrical parameters on the spectr
parameteA’. Here we present the capability of the model to
characterize HEMT structures with different material compo-
sition and to predict final device performance.
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