
OTA) 
JAlt- _2 QQaQ_ JJ 

REPORT DOCUME^f^ATION PAGE 
Public raporting burdsn lor Iha coll«c(lon of Infomnttlon k Mtlmatwj lo (Vtrags 1 hour per nspont. Including tht ll 
gallMring (nd malnuinino (hi dala nowM, and compMlne and rtvltwino tho oollacUon o( Mormallon. Sond comr 
ooNtcUon o( Mormallon, Indudlng •upgesdonG lor radudng Ihic burdan, lo Washington H««/^'><ut«rs Sontoat, Din 
Oavk Highway. 6uH« 1284, Atlngton, VA 22202-4302, and lo tho OHIca o( MantgeriWr* and Budget, Papanwxfc R< 

.AFRL-SR-AR-TR-03- 

1. AGENCY USE ONLY (Leava blank) 2. REPORT DATE 

12/16/02 

or>(^ 
3. REP0R1 ire i\nu uHics vuvcncu 

Final: 4/1/01 - 5/31/02 
4. TITLE AND SUBTITLE 

Low Frequency Noise Characterization System of Advanced 
Electronics Devices 

6. AUTHOR(S) 

Professor Elcke Weber 

Dr.  Petra Specht 

5. FUNDING NUMBERS 

F49620-01-1-0285 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
University of California,  Berkeley 
Electronics Research Laboratory 
253 Cory Hall 
Berkeley,  CA      94720 

8. PERFORMING ORGANIZATION 
REPORT NUMBER 

9. SPNSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 

USAF,   AFRL 
AFOSR 
801 Randolph Street,  Rm 732 
Arlington,  VA      22203 

10. SPONSORING /MONITORING 
AGENCY 

AFOSR 

11. SUPPLEMENTARY NOTES 
n/a 20030226 097    I 

12a. DBTRIBUnON / AVAILABILITY STATEMENT 

APPROVED RE- 
DISTRIBUTION UNLIMITED 

-vELEASE, 

12b. DISTRIBUTION CODE 

13. ABSTRACT (Maximum 200 words) 

To date, a rising need for high-speed low-noise electronic devices is observed for a wide 
variety of applications, including wireless or fiber communications. Low-frequency noise 
poses a lower limit on the signal level in broadband circuits. Noise sources are related to 
various kinds of materials imperfections such as point or line defects, but also to interface 
interface defects or defects at contacts. As device dimensions decrease, the noise 
introduced by trapping-detrapping of carriers at deep defects becomes increasingly 
important. Therefore, the analysis of low-frequency electrical noise can be a useful tool 
not only for the qualification of device performance, but also for the characterization of 
noise-generating deep level defects in semiconductor materials. The advantages of this 
technique include the possibility of measuring fully processed device structures and the 
direct relevance of the measured defect characteristics to device performance Reduction 
of the noise level frequently requires the con^ect identification of noise sources. However, 
difficulties can arise in the interpretation of often-indistinct noise spectrum features. 

14. SUBJECT TERMS 

high speed low-noise,  electronic devices,  noise sources 

17. SECURmr CLASSIHCATION 
OF REPORT 
unclassified 

ia. SECURITY CLASSIHCATION 
OF THIS PAGE 

unclassified 

N8N 7540^)1-280-5500 

IS. SECURITY CLASSIFICATION 
OF ABSTRACT 

unclassified 

IS. NUMBER OF PAGES 

33 
16. PRICE CODE 

20. UMtTATION OF ABSTRACT 

none 

Slandard Form 298 (890104 Draft) 
IVM0i«MdbyANSISttf.tM-1l   tM-01 



Low-Frequency Noise CSianicterization System for Advanced Eectronic Devices 

Table of Contents 

Abstract ^^ 

1. Introduction ®^ 

2. Experimental Setup ®^ 

3. Calibration of the Noise System 07 

4. First Results: E.R. Weber Research Group 09 

4.1 GaAs-On-Insulator Metal-Semiconductor FET's 09 

4.2 Radiation tolerance of GOI MESFETs 13 

4.3 Noise in m-Nitride based structures 16 

5. First results: Other Research Groups 19 

5.1 Ultra-Thin Body p-MOSFET's with Molybdenum Gate 19 

5.2p-channelFinFETs 25 

6. Conclusions ^^ 

7. Future work ^^ 

7.1 Investigations of InP/InGaAs Interface Quality 31 

7.2 Continuing Studies of GaAs Based MESFETs 31 

7.3 Electrical characteristics of Haj&iium Oxide Gate Dielectric 31 

7.4 Noise Spectroscopy in Ill-Nitride Based Devices 32 

8. Publications ^^ 

E. R. Weba. Amrad Rsport 2002 AFOSR grant No.: F49620-01-1-0285 



Low-Frequency Noise Characterization System for Advanced Eectronic Devices 

Abstract 

To date, a rising need for high-speed low-noise electronic devices is observed for a 
wide variety of appHcations, including wireless or fiber communications. Low-frequency 
noise poses a lower limit on the signal level in broadband circuits. Noise sources are 
related to various kinds of materials imperfections such as point or line defects, but also 
to interface defects or defects at contacts. As device dimensions decrease, the noise 
introduced by trapping-detrapping of carriers at deep defects becomes increasingly 
important. Therefore, the analysis of low-frequency electrical noise can be a usefiil tool 
not only for the quaUfication of device performance, but also for the characterization of 
noise-generating deep level defects in semiconductor materials. The advantages of this 
technique include the possibility of measuring folly processed device structures and the 
direct relevance of the measured defect characteristics to device performance Reduction 
of the noise level frequently requires the correct identification of noise sources. 
However, difficulties can arise in the interpretation of often-indistinct noise spectrum 
features. The DURIP grant allowed to acquu-e a state-of-the-art low-frequency noise 
analysis system wdth variable-T probe station that has been set up for use by all interested 
faculty and their students at UC Berkeley. This report presents some typical examples for 
the current usage of the system and pomts out areas of foture usage. 
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1. Introduction 

The field of noise measurements is quite mature and is the subject of a large amount 
of literature. Most of these works focus on either device noise performance from the 
engineering end, or noise sources and models from the physics and mathematical end. A 
comparatively small amount of literature has dealt with the measurement of point defects 
and their properties from low frequency noise measurements (LFNM). As de\dce sizes 
are reduced, however, the noise due to traps takes on increased importance. At the same 
time measurements of traps in these ultra-small structures by standard techniques like 
deep level transient spectroscopy (DLTS) and its variants becomes more difficult. In 
view of these trends, the use of LFNM for defect measurements is reviewed. The 
application of LFNM to a particular structure (GaAs-on-insulator (GOT) MESFETs) for 
which DLTS is difficult is demonstrated (chapt. 4). Also, examples for measuring noise 
in silicon-based devices are given (chapt. 5). 

The low frequency noise present in common semiconductor devices can be divided 
into three types: white, 1/f, and generation-recombination (g-r) noise. These noise types 
will be briefly introduced to explain their role in LFNM. For details regarding derivations 
and more complex systems, noise texts, e.g. [1,2], should be consulted. 

White noise has a uniform distribution of noise power across the frequency band of 
interest. By integrating the noise power spectrum, it is clear that white noise cannot 
Kctend with constant power to infinite frequency, but must instead have a roll-off 
beginning at some comer frequency. For shot noise and thermal noise, the two primary 
sources of white noise, this comer frequency lies in the gigahertz range, well above the 
standard 0.1-1 MHz upper bound to low frequency noise measurements. It must be noted 
that shallow traps can cause generation-recombination noise (discussed below) with a 
comer frequency above 1 MHz, ^ving the appearance of white noise in the low 
frequency range. High-quality precision resistors serve as excellent sources of white 
noise that can be used to calibrate noise measurement systems. The relevant current 
noise power Si generated is related to resistance R, the temperature T, and current I: 

thermal noise: Si = 4kTR (1.1) 

shot noise:   Si = 2ql (1.2) 

where k is Boltzmann's constant.   The temperature- and current-dependence of the 
observed noise allows a simple determination of the dominant noise source. 

Flicker noise, or 1/f noise, is often a major component of low frequency noise and 
may obscure the generation-recombination noise spectrum of interest. As the name 
implies the 1/f noise power is inversely proportional to the frequency. There are 
numerous proposed sources of 1/f noise [3], but the stmcture-less nature of the spectrum 
oft«i makes it difficult to identify the mechanism responsible. In de\aces, likely sources 
of 1/f noise are surfaces and interfaces where a band of states may exist. The overlapping 
generation-recombination spectra from these states, which have a wide range of different 
time constants, appear like a featureless 1/f spectrum. Therefore, devices with well- 
controlled surfeces bounding the current path (e.g. gated deNdces) have the best chance 
for showing noise due to bulk traps. 
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Generation-recombination noise is the noise type that will be emphasized here as it is 
of the most interest to materials science. It is important to note that the term generation- 
recombination does not imply the usual sense of band-to-band processes. Instead, the 
recombination process indicated is the capture of a carrier from a band and conversely 
generation is the emission of a carrier from a trap back into that band. For simphcity, 
only mono-polar devices will be considered. When both electrons and holes play a 
significant role in the device operation, noise analysis is greatly complicated because 
processes like electron-hole recombination through trap levels must be analyzed, and the 
electron and hole concentrations in bipolar devices often vary by orders of magnitude 
over small dimensions. In the mono-polar case and neglecting any fluctuation in the 
mobility, a resistor has a fluctuating resistance depending only on the fluctuation m the 
earner concentration. Considering a single set of traps, in an n-type semiconductor, the 
carrier concentration fluctuation depends on the exchange of electrons between the 
conduction band and the trap level. The differential equation describing the 
concentration of electrons in the conduction band n comprises a term representing the 
capture of electrons into traps and a term representing their re-emission: 

^:=-v^a{N,-nr)n+Ae-'^'*'n, (1.3) 
dt 

where vth is the thermal velocity, o is the capture cross section, NT is the total ti-ap 
density, nx is the filled ti^ap density, A is a prefactor term representing an escape attempt 
rate (s"') and EA is the activation energy for removing the electron from the frap. In 
equUibrium, dn/dt=0. This equality only applies over a time average; electi-ons are 
continually exchanged between the conduction band and the trap states. The captiire and 
emission processes establish two time scales - a captijre time constant tc and an emission 
time constant Xe: 

\lT,=Ae-^^"^ 0-5) 

To solve Equation (1) a single time constant is introduced: 1/T=1/TC + l/xe- The 
solution for the carrier concentiution as fimction of time is a simple exponential. To 
obtain the power spectrum tiie Fourier ti-ansform is taken. The determination of tiie 
magnitude of tiie spectrum accounts for tiie noise contiibution of each individual ti-ap. 
The derivation is somewhat complex requiring the evaluation of the expectation value of 
tiie standard deviation of tiie filled tiap density. In the interest of space tiie result for tiie 
current noise power spectral density Si will be taken from [4]: 

Sj _ 2r nrJN.-fh)       1 (1.6) 

where V is the volume of tiie device. Two hnportant things can be seen from this 
equation. First, tiie smaller tiie device volume, tiie larger tiie g-r noise power for a given 
current I. Therefore reduced device sizes give more sensitive g-r noise measurements. 
Second, tiie noise is a maximum when tiie fraps are half fiill; when the frap energy is far 
from the Fermi level the g-r noise is reduced. 
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In devices such as MESFETs the channel is relatively highly doped so that the Fermi 
level is near the conduction band. Then almost all traps are filled (NT-HT), and the 
capture time constant Xc is very long. Therefore the emission time constant Xe determines 
T and a standard Arrhenius plot allows the determination of EA in analogy to DLTS. 
Similarly, the y-intercept of the Arrhenius plot allovi^s the determination of the capture 
cross section because the constant A in (1.3) is related to a through the principle of 
detailed balance. 

References, chapt 1 
[1] A. van der Ziel, Noise in Solid State Devices and Circuits, Wiley, 1986. 
[2] A. Amhrozy, Electronic Noise, McGraw-Hill, 1982 
[3] e.g., the papers in the series Quantum 1/f Noise and Other Fluctuations in Electronic 

Devices, P.R Handel and A.L Chung, eds., AIP Press 
[4] J.A. Copeland, "Semiconductor Impurity Analysis from Low-Frequency Noise 

Spectra", IEEE Trans. Electron Devices ED-18, 50 (1971) 

2. Experimental Setup 

The basic experimental apparatus for measuring low fi-equency noise is relatively 
simple. The device to be measured is mounted in an electro-magnetically shielded 
environment, such as a metal-enclosed probe station \wth a single, low resistance ground 
path. The sample temperature is maintained using a thermoelectric chuck. Care must be 
taken to allow the temperature to stabilize before measurement because relative motion of 
the probes and the sample during measurement due to different thermal expansions as the 
tempCTature dianges can result in spurious noise signals. 

Figure 2.1 shows the low fi-equency measurement setup. The configuration is as 
supplied by Celestry Design Technologies. The system uses an HP4145 Senuconductor 
Parameter Analyzer to supply a constant bias voltage (or bias current). Noise is removed 
fi^om the ii^ut using simple RC filters. In most cases it is sufiRcient to use RC = 0.1 s, 
though the R value can be selected to deliver filter time constants 1 s of or 0.01 s instead. 
FoUov^rmg the filter resistor is another selectable resistor, Rd. This is the load resistor 
that is used to generate the noise signal. The value of the load resistor is selected based 
on the measured device conductance. For the noise signal to be measured (e.g., the drain 
current noise of a MESFET), the load resistor is placed between the device terminal of 
interest and the bias supply. The device under test (DUT) is mounted in a dark box so that 
a positive bias at D/C forward biases the device. The n-side of the device is grounded. 

The noise signal is picked up at the D/C terminal and the ac component is delivered to 
either a voltage preamplifier or a current preamplifier through a dc blocking capacitor. 
Typically, the voltage amplifier was used because of the low device output resistance. 
The amplifiers are powered by large rechargeable lead-acid batteries to minimize the 
eccess input noise. The preamplifier output is fed into a voltage amplifier with a gain of 
25, giving a total amplification factor of 500x. The final output signal is fed to a HP 
67730 Dynamic Signal Analyzer. All equipment and communication is controlled by 
computer and allows the direct calculation of the DUT noise power, including correction 
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for the thermal shot noise contributed by the load and filter resistors. The typical noise 
floor is -10"^'* A^/Hz through the whole range fi-om 1 Hz to 102.4 kHz. 

SMUs 
or 

Semiconductor 
Parameter 
Analyzer 

Ext. 
AinpIifieA 

BTA 9812B Amplifiers/Filters Unit 

VD/C 

R 
<a)—V^ 

VG/B 

R 

4>—WV 
r Rd 

VBulk 

R 
^—MMr 

4)- 
VS/E 

-MMr 
Kb 

X 

1. Voltage an^lificr 

2. Current amplifier 

3. External amplifier 

■4>- D/C 

-^ 

-^ 

^ 

G/B 

Bulk 

S/E 

DUT 

4h 

r^ure 2 I. Low frequency noise measurement apparatus. The n-dde of the device under test (DVT) is 
connected to the S/E connection, andthep-dde is connected to the D/C connection. (Positive bias is 
applied to the D/C connecdon to fitrward bias the device). 

The low fi-equency measurement apparatus and probe station described here were 
installed in the summer of 2001. A first test measurement on highly radiation-damaged 
sUicon was soon successful in demonstrating the appUcation of the technique to defect- 
dominated materials as shown below. Since then the apparatus has been pnmanly 
devoted to measurements of irradiated MESFETs on oxidized AlAs, the so-called GaAs- 
on-msulator (GOI) technology (chapt. 4), first measurements on ffl-nitride based 
structures (chapt. 4.3) and Si-based devices (chapt. 5). A preUminary measurement on an 
LT-GaAs resistor and measurements on oxide-confined vertical cavity surface emittmg 
lasers in a collaboration with Agilent Technologies are not included here. 

3. Calibration of the Noise System 

Highly radiation-damaged silicon was used to calibrate the low-fi-equency noise 
system for noise spectrosoopy. This material is known to contain concentrations of the 
silicon divacancy on the order of lO" cm'', and the concentration of residual shallow 
donors is known to be on the order of lO" cm"'.  It serves as an excellent example of 
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determining the defect energy in a material dominated by a single deep level. The silicon 
divacancy is well known to have an energy level at Ec-0.43 eV. 

4 

S3 
d 

5»    2 
Co 

 1 1—I  I I III) 1 1 ^1  I I II11 1 1—n-T 

-   250 K    -"rf : 
•     275 K    -'j^ij^ 
A    300 K        "     ' 

T 1    I   1 I li 

3.0       3.5       4.0       4.5 

1000/r 

0 
10' 10' 10^ 10^ 10^ 

Frequency [Hz] 
Figure 3.1: Noise spectra of irradiated silicon diode. The ordinate is the current 

noise times the frequency, normalized to the dc forward current level. The lines are a 
Lorentzianfit to the data. Inset: Arrhenius plot oftrcp emission rate with an activation 
energy of 0.43 eV 

Figure 3.1 shows a selection of spectra taken on a diode fabricated from the silicon 
irradiated with 55 MeV protons (2xl0" cm'^ dose). To emphasize the presence of a peak 
in the data, the usual spectrum of current noise per bandwidth (in A'/HZ) is multiplied by 
the frequency and divided by the dc forward bias current. The peak position clearly shifts 
to the tight at higher measurement temperatures. This results from more rapid carrier de- 
trappmg as the temperature increases. By fitting a Lorent2aan spectrum (solid line), a 
comer frequency can be determined. 

The inset shows the variation in the comer frequency with temperature giving an 
activation energy of 0.43 eV, exactly matching the known value. Measurenaents at a 
range of currents have shown that tiie comer frequency has a very slight shift with 
increasing current, suggesting it will be possible to extract information regarding hole 
capture rates and field-enhanced emission. The determination of the total concentration of 
silicon divacancies is complicated in this sample because the sample strocture involves a 
p-i-n diode instead of a simple resistor. This means that there -will be electron concen- 
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tration gradients through the intrinsic layer. The magnitude of the trap noise depends on 
the local electron concentration, so the total trap noise is a summation of the total noise 
emitted at each point in the sample volume. In a uniform resistor, this problem will not 
be encountered. 

4. First results - E.R. Weber research group 

4.1 GaAs-On-Insulator Metal-semiconductor Field Effect Transistors 

Lateral selective wet-oxidation of buried high aluminum content AlxGai-xAs layers 
has seen widespread application in electrical and optical devices. The oxidized layer is 
used to provide current confinement and a low refi-active index layer in Bragg mirror 
stacks for vertical-cavity surface emitting lasers, [2,3] and to serve as a current confining 
layer in heterojunction bipolar transistors. [4] Another use of this oxidation technique is 
to form an insulating buffer layer underneath the active channel of metal-semiconductor 
field effect transistors (MESFETs), [5] so-called GaAs-On-Insulator (GOI) MESFETs. A 
major concern is that the oxidation procedure can cause defect injection into adjacent 
layers. In particular, carrying out the oxidation longer than needed to achieve full lateral 
oxidation of the AlGaAs layer (over-oxidation) is found to have deleterious effects on 
device performance. [6] Many characterization techniques have been applied to study the 
oxide microstructure and the GaAs/oxide interface structure, for example transmission 
electron microscopy (TEM). [7] It has been shown by time-resolved photoluminescrace 
that the interfece recombination rate was greatly increased after oxidation. [8] The 
interface recombination velocity was estimated using the Ught-beam induced current 
technique. [9] To date, no direct comparison between the parameters of the oxidation and 
the formation of specific recombination centers has been reported. 

GOI MESFETs were designed and febricated by applying lateral oxidation to a 
conventional GaAs FET design. The device structure was grown by MBE on a (100) 
semi-insulating GaAs substrate and consists of a 75-nm AlAs oxidation layer followed by 
a 250-nm GaAs channel. The channel was doped with 2xl0" cm'' silicon. The structure 
was capped with a 5-nm AlojGao.vAs gate recess etch-stop layer and a highly doped 
(n>10" cm"') graded InAs/GaAs digital alloy in order to reduce the contact resistance. 
No oxidation barrier layers were employed between the oxidation layer and the channel. 
Devices with gate widths, WG, of 40,100, and 300 nm were processed on the same wafer. 
All devices studied here have a gate length of 3.5 microns. After the mesa etch, the AlAs 
layer was laterally wet oxidized at 430^0 in an atmosphere defined by bubbling 500 seem 
nitrogen through water at 90°C. The oxidation was carried out for 80 minutes with the 
goal of just completely oxidizing the widest (300 ^m) device. Consequently, the 40 nm 
gate mdth devices were heavily over-oxidized. 

The total noise-power spectrum can be broken down into the following sum: 

S,(f) = C + A/f^Z^j(l+^/fJ). (41) 
i 

Here fd and L, are the Lorentzian g-r noise comer fi-equency and amplitude for the / 
trap level. C and ^ indicate the amplitude of white and 1/f noise components. Smce 1/f 
noise is usually a major component of the observed noise spectrum, the spectral power 
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density is plotted here as Si0xf\s.fto reveal g-r noise as peaks. The amplitude L of the 
Lorentzian component can be expressed as: [10] 

LocPvD/n^V (4.2) 

where D is the density of the trap levels, r, equal to l/2%fc, is the characteristic time 
constant, n is the carrier density, and V is the sampled volume. For traps located more 
than a few kT (k is Boltzmann's constant) below the Fermi level, the characteristic time 
constant is determined by the emission rate of the traps. 

Several noise power spectra revealing a clear Lorentzian noise component under 
various experimental conditions are shown in Fig. 4.1. The applied drain voltage was 
chosen in the ohmic, linear region of the MESFET device characteristics in order to 
ensure a resistor-like behavior with nearly uniform semiconductor cross-sectional area 
under the gate. Fig. 4.1(c) shows that at 375K the signal was only observable m the 40 
|im and 100 \im gate widths, that is, only when over-oxidation had taken place. 

I   I I mill— Ill—1   I iiiiiil—I  I I mill— '"! 

io'      10*      itf      lo'      10* 

Frequency (EIz) 

10* 

Figure 4.1: (a) Temperature dependent noise power spectra (wo=IOO/m, VD=0.2V, VG~0.25 V); (b) 
normalized spectra at different gate biases (wo^lOOfm, VD=0.2V. T=375K): (C) normalized spectra for 
different gate widths 0^o=-0.25V. VD''0.2V, T=375K) 
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In-depth analysis of the corresponding trap was achieved by least-squares fits of Eq. 
(4.1) to the experimental data (solid lines in Fig. 4.1). In Fig. 4.1(a), the comer frequency 
increases as the thermal emission rate increases with temperature. The time constant r 
times f is plotted in Fig. 4.2 to extract the energy level of the trap using the expression 
tt=c r^ GKp(EA/kT), where c is a constant, and EA is the activation energy. While the 
Lorentzian noise signature featured in Fig. 4.1 is due to a g-r level at £^-0.69 eV, 
additional levels at £^-0.47 and Ec-0.32 eV were observed under different gate bias 
conditions in a typical 100 \im gate-width device, as indicated in Fig. 4.2. The trap 
energies were found to be independent of the applied drain voltage. The level at Ec-QA7 
eV appeared only at larger gate biases while the level at Ec-0.32 eV appeared at gate 
biases below the threshold voltage. Ec-0A7 eV may be related to a surface conduction 
processes. [11] The predominating near mid-gap trap at £^-0.69 eV was detected under 
all gate biases. 

10 

8 

^   2 S 
0 

-2 

■4 

a Vc=ov 
O  VgMIJSV 

A VcT^-SV 
V Vt^.7SV 

u—J • -1 

£,-0.32 eV    . 

2.5 3.0 3.5 4.0 

iooo/r(K-») 
4JS 5.0 

Ftgure 4.2: Arrhenius plot of traps in 100pm gate width GOIMESFETs at different gate biases and a drain 
bias of 0.2 V. SoUd lines are the strcd^tAine fits to the experimental data. The dotted line ^ows the 
published emission rate of the EB4 trap, flj 

The depth distribution of the Ec-0.69 defect was probed by analyzing the gate-voltage 
dependence of the Lorentzian-noise signal magnitude. Fig. 4.1(b). A normalization 
motivated by Eqn. (4.2) was applied in order to separate out the trap concentration: the 
spectral density was normalized with the square of the current and multiplied by the 
active volume. Here, the active volume is assumed to be the undepleted channel 
thidcness, which was obtained firom capacitance-voltage measurements. Fig. 4.3 shows 
that, bas^ on this normalization, the average trap concentration is found to increase with 
reverse gate bias. This is expected if the trap observed is not uniformly distributed but 
instead increases in concentration towards the oxide interface. It is noted here that there 
are large uncertainties in the assignment of numerical values to the density of traps in the 
MESFET structure because the noise power depends on the square of the current density, 
which varies significantly within the device structure. Moreover, it was assumed that the 
main g-r noise mechanism is due to the trapping/de-trapping in the MESFET diannel. 
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However, charge fluctuations in the space charge region causing fluctuations of the 
conducting channel thickness will lead to equivalent noise spectra. [12] It is therefore 
hard to distinguish between these mechanisms, but the conclusion that the mid-gap trap is 
more concentrated close to the interface holds in either cases. In addition, it is still 
possible to state that the density of the mid-gap trap is higher in the 40-nm than the 100- 
Hm wide devices compared in Fig. 4.3. This is consistent with the above finding that the 
signal is undetectable in the 300 \im device. These observations qualitatively support the 
assignment of the trap to an oxidation-induced defect injected fi-om the interface. Further, 
the results imply that the introduction of the mid-gap state depends on the over-oxidation 
time rather than the total oxidation time. That means that the trap is introduced efficiently 
only afl;er the entire layer has been oxidized, providing an important clue regarding its 
microscopic origin. 

D10-20 

0.0 0.1       0.2        0.3        0.4 

Reverse Gate Bias (V) 

Figure 4.3: Gate bias dependence of the normalized Lorentdan noise amplitude L>¥/f in GOIMESFETs 
yvith afferent gate widths (T=375K, VD= 0.2 V). 

The observed near mid-gap level is tentatively identified by way of the similar values 
of the energy level and the cross section as the level EB4 (also referred to as E4); the 
emissiott characteristics of this electron tr^ [I] are shown in Fig. 4.2 by the dashed line 
and fit the g-r noise data well. The trap was first observed in 1 MeV electron-irradiated 
GaAs. [13] EB4 has also been observed in non-irradiated GaAs, e.g. m GaAs grown by 
molecular-beam epitaxy (MBE) at low temperature (380-400*C). [14, 15] EB4 is gen- 
erally assumed to be due to a complex of the arsenio-antisite (Asoa) and another defect 
that is not an intentional n-type doping impurity. Electron paramagnetic resonance studies 
of the arswiic-antisite arsenic-vacancy (ASG«-VAS) complex have speculated that EB4 
could arise fi-om an electronic transition of ASOS-VAS. [16] This assignment would be in 
agreement with calculations of the thermal emission rate of such a complex. [17] 

During lateral wet-oridation of AlAs As-rich conditions are realized in the 
neighboring GaAs, as evidenced by TEM [7] observations of arsenic precipitates in the 
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vicinity of the oxide interface. A possible cause could be found in the oxidation ofGoAs 
after the AlAs is consumed. Defects related to Asi, Voa, Asoa, and complexes thereof 
would be expected to dominate under such conditions. An assignment of the EB4 level 
to Asc3a-VAs which could possibly result from the conversion Vc o ASGS-VAS predicted 
by the amphoteric defect model, [18] would provide a possible mechamsm for the 
introduction of EB4 in GOI MESFETs. 

In conclusion, low-frequency generation-recombination noise has been studied in 
GOI MESFETs for different over-oxidation conditions. Three clear defect levels were 
found, and one (Ec-0.69 eV) was identified with a previously reported Asc-related defect 
(EB4) This defect appeared after the AlAs layer has been folly oxidized. The spatial 
distribution was shown to increase towards the oxide interface, suggesting that this defect 
is introduced into the channel as a result of the oxidation process. 

This work was supported by the AFOSR, Grant No. F49620-01-1-0151. 

4.2 Radiation Tolerance of GOI MESFETs 

The wide application of wet lateral oxidation of aluminum arsenide buffer layers was 
mentioned in the previous section. Additionally to its dependence on the oxidation 
process, the radiation tolerance of this relatively novel technology was investigated. 

Devices were obtained through the collaboration with the MURI at the University of 
CaUfomia, Santa Barbara. A chief benefit of this technology is the reduced buffer 
leakage resulting in record power added efiSciencies. In order to explore systematically 
the radiation tolerance of the AI2O3 layer and the interfece with GaAs, we febncated GOI 
MESFETs with different oxidation times as well as standard GaAs reference MESFETs 
at the UC Berkeley Microfabrication Laboratory. 

Device DC parameters including threshold voltage, drain saturation current, and 
transconductance were studied on all MESFETs before and after 55MeV proton-induced 
damage. Proton iiradiafion with fluences ranging from 5.4 xlO to 6x10 cm were 
carried out at Lawrence Bedceley National Lab's 88-Inch Cyclotron. 

Finally low-frequency noise measurements were carried out to obtain the 
microscopic evidence of both bulk radiation-induced defects and defects m the vicinity of 
the GOI interfece. We plan to correlate low-frequency noise spectroscopy with other 
characterization techniques, such as deep level transient spectroscopy, time-resolved 
photo lummescence, and Hall effect, to develop a detailed model of the failure 
mechanism in GOI MESFETs. 

The variation of the drain current Id, transconductance gm, and threshold voltageF, 
with proton fluence was investigated on conventional reference MESFETs and GOI 
MESFETs with different over-oxidation. All fhe devises showed similar fluence 
dependence Drain current and transconductance, both taken at zero gate bias, degrade 
with proton fluence. Within the given errors, the transconductance reduction with fluence 
is equal to the drain current reduction. Moreover, the threshold voltage remams almost 
unchanged upon irradiation, with perhaps a small increase. The fluence dq>endence 
seems to indicate that the displacement damage of 55 MeV proton irradiation is 
dominated by mobility reduction and ft is independent of buffer oxidation condftions. 

E. R WdKT, Ammal Report 2002 AFOSR grant No.: F49620-01-1-0285 13 



Low-Frequency Noise Characterization System for Advanced Eedronic Devices 

From the DC characteristics, MESFETs using GOI technology have similar radiation 
hardness as conventional MESFETs and the radiation hardness does not change with 
different amounts of over-oxidation. 

Nevertheless, low-frequency noise measurement shown in Figure 4.4 reveals a 
fluence dependence that is absent in DC characteristic in the present proton-fluence 
range. The 1/f noise spectral density is normalized with the square of the current to 
compare devices with different widths. The fluctuation of the data depends significantly 
on different fabrication runs even with identical process flow. However, the 1/f noise 
component clearly shows a higher noise level on GOI MESFETs and more degradation 
with radiation than conventional MESFETs. Its radiation sensitivity is strongly dependent 
on amount of over-oxidation. 

The mechanism of 1/f noise is not yet clear. Even though a detailed model is indeed 
needed to completely understand the 1/f noise mechanism, the obvious radiation 
sensitivity dependence on the amount of over oxidation is aheady revealed. 
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Figure 4.4: Fluence dependence of 1/f noise component for GaAs-On-Jnsulator and 
conventional MESFETs 

From generation-recombination (g-r) noise components, many trap levels could be 
resolved depending on fluence and ovCT-oxidation. In pre-iiradiated samples, three levels 
were revealed at Ec - 0.7 eV, Ec - 0.47eV, and Ec - 0.32 eV.   The mid-gap trap is 
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identical to EB4, a complex associated with Asc, in both energy level and cross section. 
The level at 0.47 eV, appearing only at larger gate biases, may be related to surface 
conduction processes. In 55 MeV proton-irradiated samples, levels at Ec-0.79 eV, Ec- 
0 63 eV, and Ec-0.54 eV, and Ec-0.26 eV were observed. A zoo of defects observed after 
55 MeV proton irradiation can be well correlated to the fluence dependence of 1/f noise 
component, for which one of its physical origin is carrier number fluctuation. 

This work was supported by the AFOSR, Grant No. F49620-99-1-0289. 
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4.3 Noise in Carbon-Doped GaN 

In MBE grown p-doped GaN epilayers a distinct yellow luminescence signal was 
found which increased with the carbon doping. Because the yellow luminescence was 
believed to be always associated with native defects, namely gallium vacancies, Voa, 
some growth runs were done with varying doping concentrations, accompanied by 
positron annihilation spectroscopy (PAS) to determine the concentration of Voa. Also, a 
few tests with carbon-doped GaN, co-doped with silicon, were initiated. Astonishingly, 
these wafers were n-conductive. The carbon, commonly an acceptor in GaN, could not 
compensate the silicon donors. The PAS analysis showed that the materials yellow 
luminescence did not correlate with the concentration of gallium vacancies. The 
formation of gallium vacancies was largely suppressed with increasing carbon doping. 
Noise measurements in combination with temperature dependent noise spectroscopy was 
applied to determine the activation energy of the dominant noise trap in this material. 

GaN 767, V=1V 

1E-18 - 

1E-20 
100 1000 
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10000 100000 

Figure 4.5: Temperature dependent noise spectroscopy of a GaN MBE grown epilayer 
doped with carbon and silicon 
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The results show a generation-recombination noise which is independent of the 
applied bias. The temperature dependent spectroscopy in Figure 4.5 gives the signature of 
a deep level which is located at 0.6 eV below the conduction band (result of the 
activation energy plotted in Figure 4.6). This defect is only observed in silicon co-doped 
films and might be correlated with a Si complex. A possible formation of Si-C complexes 
could explain the failure of the carbon to compensate the silicon donors. However, 
additional defect characterization is necessary to unambiguously identify this defect. 
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Figure 4.6: Activation energy of a generation recombination trcp obtained from the peak 
positions of the noise spectra in Figure 4.5 
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5. First results - other research groups 

5.1 Ultra-Thin Body p-MOSFET's with Molybdenum Gate 
Jeong-SooLee.DaewonHa. Ycmg-Kyu Choi, Tsu-Jae King and Jeffrey Bokor 
Department of Electrical Engineering and Computer Science 
University of California, Berkeley, CA 94720, USA 
E-mail: ljs6951@eecs.berkeley.edu, TeI:+l-510-643-2639, Fax:+1-510-643-2636 

Ultra-thin body (UTB) silicon-on-insulator (SOI) MOSFET devices are promising for 
sub-50 nm CMOS technology. The thin body suppresses short-channel effects and resuhs 
in performance superior to bulk-Si devices [l]-[3]. To eliminate threshold-voltege 
variations due to statistical dopant fluctuations, and also to achieve high carrier mobilities 
for high drive current, it is desirable to use low dopant concentrations in the body. The 
threshold voltage must then be adjusted by adjusting the gate work flmction, rather than 
by channel doping. For folly-depleted SOI technology, the desired range of gate work 
functions is 4.4 eV to 5.0 eV [4], so that the conventional n+/p+ poly-Si gate technology 
will not be suitable. Molybdenum (Mo) has recently been shown to be a promismg gate 
material for p-channel MOSFETs [5], [6]. With nitrogen (N^ implantation and 
subsequent thermal annealing, the work fonction of a Mo gate electrode can be reduced, 
so as to become suitable for FDSOI n-channel MOSFETs [7], [8]. Mo is therefore an 
attractive candidate for single-metal, dual-woric-fimction gate technology, for fiiture 
CMOS devices. Recently, it has been shown that ^ implantation into Mo-gated MOS 
diodes can result in damage to tiie gate oxide, evidenced by increased gate leakage and 
interface-state density, so that care must be taken to optimize the implant and annealing 
conditions. 

Raised 
GeS/D 

Figure 5J: Schematic cross section qfOieUW SOIpMOSI^T structure 

The UTB p-MOSFET's used in this work were fibricated on 100 nm-tiiiok p-type (< 
1 X 10^' cm"') SOI wafers. The device structure is shown m Fig. 5.1. The buried oxide 
thickness was 400 nm and the Si fihn was thinned down to 10 nm by thermal oxidation. 
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2.5 nm-thick gate oxide was grown at 750 "C and 40 nm-thick Mo gate films were 
deposited in a DC magnetron sputtering system at 200''C. Some devices then received a 
nitrogen implant at an energy of 20 keV and a dose of either 2xl0'^ or 4x10^' cm'^. Then 
w-5/Y«-doped n+ poly-Si and an LTO hard mask layer were deposited. After gate- 
sidewall spacer formation, Ge was selectively deposited using conventional LPCVD at 
350 "C, 300 mTorr [1], and boron was subsequently implanted to dope the source/drain 
regions. A very conservative RTA at 700 °C for 60 s in N2 ambient was used to activate 
the implanted dopants, to avoid significant intermixing of Ge and Si [7]. Further details 
of the device fabrication process have been reported elsewhere [7]. The magnitude of the 
threshold voltage (VTH) was found to increase by -65 mV for each nitrogen dose 
increment of 1x10*^ cm'^. 

To investigate the Si/SiOi interface quality of these devices, their low frequency 
noise characteristics have been measured. Prior to noise analysis, the transistor DC 
characteristics were measured with a HP4155 semiconductor parameter analyzer. All the 
measured output drain current noise (Si) were converted to the equivalent gate voltage 
noise given by the formula Svo = Si/ (gmf where gm is the measured transconductance. 
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Figure 5.2: Equivalent irput gate voltage noise power spectrum versus frequen(y for 
urn SOIp-MOSFET's biased at Vd = -SOmV, Id = -/DA (W/L = 10 fan/600 nm). 

Fig. 5.2 shows Svo versus frequency at a drain current level of -1 DA. In all the 
devices examined, 1/f ^D dependence was observed with y being close to 1, which 
indicates a uniform spsAval distribution of oxide traps near the interfece [10]. It is clear 
from the figure that the noise level increases vwth the nitrogen implant dose. 
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Fig. 5.3(a) shows Svo characteristics of the devices measured at 10 Hz as a fiinction 
of drain current. As can be seen, Svo is almost constant in weak inversion and increases 
in a quadratic manner in strong inversion. Also, the noise level increases with increasing 
nitrogen dose, over the entire drain current range. The constant noise behavior in weak 
inversion suggests that the low frequency noise is mainly due to carrier number 
fluctuation caused by the traps located near the Si/SiOj interface. On the other hand, the 
parabolic increase of Svo in strong inversion is attributed to mobility fluctuation. 
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The expression for the carrier number fluctuation model including the correlated 
mobility fluctuation was recently given by [9] 

Svo = SvFB [1 + □ OoCox-^] ^ 
om 

with 

SvFB 
fWLQ 

(5.1) 

(5.2) 
ox 

where D is the Coulomb scattering coefficient, Do the low-field mobility. Cox the 
gate capacitance, SVFB the flat-band voltage noise density associated with interface charge 
fluctuation, D the tunneling attenuation length (~lA), kT the thermal energy, / the 
frequency, WL the device area, and N, the trap density (eV^cm"'). In strong inversion 
where VG-VTH > 0, by replacing Id/ gm by Cox(VG-VTH) [9], (5.1) can be rewritten as, 

Svo = SvFB [1 + □ DoCoxiVa-Vm)] ^ (5.3) 

Fig. 5.3(b) shows SVG^ versus gate voltage measured at lOHz. The linear increase of 
SvG^'^ with respect to V^-Vju clearly supports the validity of the carrier number 
fluctuation model with correlated mobility fluctuation in UTB SOI p-MOSFET devices. 
From this figure, one can extract the parameter D from the slope and SVFB from the 
intercept on the horizontal axis, respectively. The oxide trap density, Nt is also extracted 
from SVFB using Eq. (5.2). The value of D found from the slope is 5 x 10 Vs/C for all 
devices, showing no dependence on nitrogen dose. It is noted that this value is similar to 
that of bulk p-MOS devices [11]. 
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Figure 5.4: Oxide trap density versus nitrogen gate-implant dose. (W/L = 10 fsm / 600 
nm). 

Fig 5.4 shows the oxide trap density, Nt extracted from the flat-band voltage noise 
data, as a function of N implant dose. The trap density for UTB p-MOSFET's without the 
nitrogen implant has been found to be 1 x lO'* eV"'cm"', which is about one order of 
magnitude higher than that of conventional poly-Si p-MOS bulk device [11]. It is likely 
that the traps are mainly caused by sputtering damage during Mo film deposition and can 
be reduced by using the CVD method [12]. For the nitrogen-implanted devices, the trap 
density increases exponentially with the nitrogen dose, to 2.3 x 10 and 7.8 x lo eV 
'cm"' for IST dose of 2 x lo'' and 4xl0" cm'^ respectively. This suggests that a 
considerable amount of nitrogen ions are incorporated in the bulk oxide and at the 
Si/SiOa interface during the implantation, due to channeling. By performing the implant 
at a large tilt angle and lower energy, this effect can be mitigated [8]. Optimization of 
post-implant thermal annealing should also help to repair damage caused by implantation, 
and will be necessary before Mo gate technology can be applied in the manufacture of 
sub-50nm CMOS devices in the future. 

Low frequency noise characteristics of Mo-gated UTB SOI p-MOSFET's have been 
investigated. The observed noise behavior is in excellent agreement with the number 
fluctuation model with correlated mobility fluctuations. The oxide trap density at the 
Si/SiOi interface can be extracted from the noise measurements. The results for a non- 
optimized Mo gate process indicate relatively high trap density (-one order of magnitude 
higher than that of conventional poly-Si gated devices), which increases exponentially 
with N^ gate-implant dose. 
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5.2 p-channelFinFET's ^ 
Jeong-Soo Lee, Yang-Kyu Choi, Daewon Ha, Tsu-Jae King, and Jeffrey Bokor 
Department of Electrical Engineering and Computer Science 
University of California, Berkeley, CA 94720, USA 
E-mail: ljs6951@eecs.berkeley.edu, Tel: +1-510-643-2639, Fax: +1-510-643-2636 

Low frequency noise is an important parameter for analog and RF applications. For 
example, low frequency noise in MOS devices is up-converted to oscillator phase noise, 
degrading system performance [1]. An increase in the fluctuation of the noise level and 
deviation from 1/f behavior has been reported as MOSFET dimensions are scaled down 
[2] Recently, fully depleted (FD) silicon-on-insulator (SOI) devices have been widely 
demonstrated'and show promise for high-speed [3], analog [4], and RF applications [5]. 
The FinFET, which has a double-gate straddling a narrow silicon fin, is a candidate 
structure for'FD-SOI technology. High-performance nanoscale FinFET's vdth excellent 
short-channel behavior have recently been demonstrated [6], [7]. 

Standard (100) SOI wafers (p-type, 15 Q-cm) were used as the starting material. The 
100 nm silicon film was thinned to 50 nm, with a 50 nm thermal oxide remaining on top 
to serve as a hard mask. Fins of extremely narrow and uniform width (beyond the 
lithographic Umit) were obtained with the spacer Uthography process [6][7]. Following a 
sacrificial oxidation of the fin sidewalls, a 2.1 nm gate oxide was grown. Then,^eithCT 
Molybdenum (Mo) (40 nm-thick, deposHed by a DC magnetron sputtering at 200 C and 
10"^ Torr) or n"^ poly-Si was deposited as the gate material. After patterning and etching 
the gate stack, S/D implantation and 900 °C RTA for 60 sec were performed. Further 
details of this device fabrication process have been reported elsewhere [6]. Fig. 5.5 shows 

m'-'nuw      SiS*ii*'''S^ ^'A*?*"' 
««> |j*iex       |__J KW* »•*' 

Figure 5 5: Tilted SEM photographs of double-gate p-FinFET's with Mo-gate (Lg = 400 
nmandWfln = 50 nm). Subthreshold Id-Vg characteristics for p-FinFETs with Mo-gate 
and n*poly-Si-gate are shown in inset. 

a top-view SEM picture of a p-FinFET comprised of 6 fins, with effective channel width 
0.6 Dm (= 2 sides x 6 fins x 0. 05 Dm fin height). Subthreshold characteristics for p- 
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FinFETs are shown in the inset. Mo-gated p-FuiFET shows lower threshold voltage due 
to the higher work function of Mo film (~ 5 V) [7]. 

Prior to noise analysis, the FinFET DC characteristics were measured with a HP4155 
semiconductor parameter analyzer. Low frequency noise behavior was then measured 
over the frequency range of 1 Hz to 10 kHz. 
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Figure 5.6: (a) Equivdlent gate voltage noise versus frequency infrnirp-FinFET's with 
Mo-gate biased at Vd'^-50 mV and Id = -0.1 UA/Um and (b) variation of (U x "f) 
versus 1000/Tin a p-FinFET with Mo-gate. The dashed line in (a) is the average noise 
spectra using Equation (1) with N=10. 
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Fig. 5.6(a) shows the equivalent gate voltage noise spectra, SVG, versus frequency for 
Mo-gated p-FinFETs with channel area 0.24 Dm^ The measured noise spectra from ft)ur 
devices at the drain current level of-0.1 DA/Dm are shown. Large deviations in noise 
level among these devices are observed, which are mainly due to the statistical 
fluctuation of the number of interface traps confined in the small device area [2], Such 
variations in noise spectra are also observed in the measured ^KG of poly-Si-gated p- 
FinFETs. The average equivalent gate voltage noise, Sya expressed in dB, is calculated 

from N = 10 devices by 
         1     N 

J~-—YS (5.4) 
N ,=, 

where 5KJ,, denotes the equivalent gate voltage noise of the i-th device. The calculated 
S^ is characterized by 1/f ^ dependence, with y varying between 1 and 1.2 in the 

frequency range 1 Hz to lOkHz. 
For each individual noise curve, one or two generation-recombination (GR) noise 

humps are seen to be superimposed on the 1/f noise. The GR noise hump is caused by 
capture and emission of carriers by a single trap, and its characteristics vary with 
temperature. One GR hump noise was selected and its temperature behavior was 
examined. Fig. 5.6(b) shows the Arrhenius plot showing the temperature dependence of 
the GR noise. From this figure, an activation energy (Ea) of 0.35 eV and a capture cro^ 
section (0) of 2 x 10'^^ cmS^rere extracted from the slope and the intercept of the O^T 
axis, respectively [8]. 

The expression for the carrier number fluctuation model including correlated mobility 
fluctuation was recently given in [9]: 

SVG = SVFB[1 + 0 aoCox{VG-Vm)] (5-5) 
where 

'^-Inner ^ ^ox 

U is the Coulomb scattering coefficient. Do is the low-field mobility. Cox is the areal 
gate capacitance, SVFB is the flat-band voltage noise density associated with interface 
charge fluctuation, D is the tunneling attenuation length (~1 A), kT is the thermal energy, 
/is the frequency, D is the frequency exponent, WL is the device area, and Nt is the trap 
density (units: eV^cm'^). To characterize the statistical fluctuation in noise spectra, the 
standard deviation Usm is calculated in dB as 

DsTO- i 
N 

M.  (5.7) 
N-l 

where the Syo values are expressed in dB. 

Fig. 5.7 shows the comparison of 5^ characteristics of the p-FinFETs with n^ poly- 
Si gates and Mo gates, measured at 10 Hz as a fimction_of gate voltage. The error bars 
indicate 2D-vahies. For p-FinFETs with poly-Si gate, S^ is almost constant in weak 
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inversion and increases in a quadratic manner in strong inversion, which clearly supports 
the validity of the carrier number fluctuation model with correlated mobility fluctuation. 
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F/,gare 5.7: Equivalent gate voltage noise characteristics as a function of gate voltage at 
f= lOHz and Vd = -50mV. Symbols and the error bars are calculated from Equation 
(5.4) and(5.7), respectively. 

On the other hand, for p-FinFET's with Mo gate, Sy^ is almost constant from weak 
inversion to strong inversion, which suggests that the low frequency noise is mainly 
dominated by the carrier number fluctuation due to higher intaface trap density. From 
this figure, one can extract the average interface trap density, A^, using Eq. (5.5), (5.6), 
and (5.7) at (VG-VTH) = 0. The extracted trap density of 1.5 x lo" eV^cm*' for p- 
FinFET's with poly-Si gate is comparable to bulk-Si MOSFET's [10]. The high average 
interface trap density of 1 x 10^** eV'cm'' for p-FinFET's with Mo gate is attributed to 
sputtering damage during Mo film deposition and can be reduced by using the CVD 
method [11] and adequate thermal annealing. Fig. 5.8 shows Sy^ characteristics of pply- 
Si-gated p-FinFETs, measured at 10 Hz as a function of drain voltage at (Vo-Vra) = -0.1 
V. The noise is found to be independent of the drain voltage without excess noise, which 
suggests that the p-FinFET is fiiUy depleted with no impact ionization [12]. 
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Figure 5.8: Equivalent gate voltage noise characteristics as a Junction of drain voltage 
off = 10 Hz and Va-Vm = -100 mV. The solid symbol and the error bars are calculated 
from Equation (1) and (4), respectively. 

Low frequency noise charact«istics have been investigated in FinFETs for the first 
time. Due to the small device area, the measured noise exhibits device-to-de^ace 
fluctuations by more than one order of magnitude. Although generation-recombination 
(GR) noise components are observed, the average noise is found to follow a 1/f variation. 
The low frequency noise behavior in p-FinFET's with poly-Si gate is well described by 
the carrier number fluctuation with correlated mobility fluctuation. 

This research was sponsored by SRC under Contract 2O00-NJ-850 and MARCO 
contract 2001-MT-887. 
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6. Conclusions 

The low-frequency noise measurement system acquired with the DURIP grant was 
installed and has in the last 18 months successfully applied to several challenging 
problems in a wide variety of devices and materials. From this work already, and even 
more considering research planned with this system in the future it can be safely 
concluded that this new tool has a significant impact on semiconductor research at UC 
Berkeley, as it allows to combine studies of device performance with the analysis of 
defects that deteriorate the device performance. 

7. Future work 

7.1 Investigations oflnP/InGaAs Interface Quality 

Due to increasing demand for higher data rates in telecommunication appUcations, 
field effect and bipolar transistors need to operate at higher frequencies to achieve 
performance of above 40 Gbit/s in integrated circuits. InP-based transistors are attractive 
for several reasons: better substrate thermal conductivity providing a better thermal 
management, lower surface recombination velocity offering scaling capability, 
elimination of DX center related traps and the availability of highly-selective wet 
etchants for convenient fabrication. However, the growth of abrupt InP following 
InGaAs interface, is a challenge because of the source memory effect. The abruptness of 
the InP-InGaAs interface impacts dkectly the performance of the emitter-base junction of 
heterojunction bipolar transistors and the 2-D electron gas of high electron mobility 
transistors. The correlation of relevant growth conditions and the low-frequency noise, a 
key parameter of these transistors when applied in the nonlinear applications where the 
1/f noise level is up-converted to phase noise, will be investigated to realize the optimum 
growth conditions for good interface quality. 

7.2 Continuing Studies of GaAs-Based MESFETs 
Following the low-frequency noise study of GOI MESFETs, a detailed study will 

focus on the influence of different buffer layers on noise in GaAs MESFETs. Buffer 
layers to be investigated include semi-insulating GaAs, low-temperature grown GaAs, 
and reference non-oxidized AlAs layers. The goal of this study is to define a common 
theme of noise sources related to interfaces. 

7.3 Electrical Characteristics of Hafnium Oxide Gate Dielectric 

As MOSFET device dimensions are scaled down, hafnium oxide is a good alternative 
to silicon dioxide in effectively reducmg the gate leakage current. Hafiiium oxide has a 
high dielectric constant and good thermal stability. One of the challenges is to produce a 
good HfOi-silicon interface. The tmps (charged or neutral) at the interface or in the oxide 
can degrade the transistor performance by reducing the gain and causing signal delay. 
The low frequency noise behavior will be studied on transistors witfi a hafiiium oxide 
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gate dielectric, and used as a tool to investigate the gate dielectric properties with 
different fabrication processes. 

7.4 Noise Spectroscopy in Hi-Nitride Based Devices 

Nitride-based electronic devices are attractive for their potential for high output 
power and high temperature operation. For high performance, low phase noise amplifier 
applications, the noise behavior is at least as important a figure of merit as the mobility 
and the charge density of the two-dimensional electron gas (2DEG) m determinmg the 
device performance. In AlGaN/GaN HFETs, the 2DEG is formed by spontaneous 
polarization (depending on the Al concentration) and no doping is required. We will 
fabricate HFETs with different AlxGal-xN compositions and thickness to study how 
polarity effects in AlxC5al-xN/GaN HFETs can impact device performance. The results 
may be compared with noise figures of devices obtained from industrial partners. 

A second field of interest is the radiation tolerance of IH-nitride based devices. First 
studies show a considerable radiation hardness of nitride-based devices [1][2]. However, 
the epilayer's radiation tolerance is sensitively dependent on the growth process and, 
therewHh, likely on the stoichiometry of the material. Noise spectroscopy of as-grown 
and irradiated IH-nitride devices may give further information on the dominant defects 
present in the material. 
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