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A New Z;; Impedance Technique to
Extract Mobility and Sheet Carrier
Concentration in HFET’'s and MESFET's
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Abstract—Conventional techniques to extract channel mobility,
1, and sheet carrier concentration,n s, in heterostructure field-
effect transistors (HFET's) do not account for the distributed
nature of the device. This can result in substantial errors. To
address this, we have developed a new technique that consists
of measuring the gate-to-source impedance with the drain float-
ing (Z11) over a broad frequency range. A transmission line
model (TL model) is fitted to Re[Z11], thus obtaining the gate
capacitance and channel resistance (and consequently(Veas)
and ns(Vgs)) in a single measurement. We demonstrate this
technique in InAlAs/InGaAs on InP HFET's. The TL model
faithfully represents Z;; from 100 Hz to 15 MHz. Our technique
can easily be automated and thus is a good tool for accurate
charge control in an industrial environment.
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Fig. 1. Diagram of HFET showing the distributi@C' network associated
with the intrinsic device.

model (TL model) that describes the generic distribufed
I. INTRODUCTION nature of the gate and the channel structure is fitted to the

HE design and characterization of high performand@easurement oRe[Z11], thus obtaining the gate capacitance

heterostructure field-effect transistors (HFET’s) relies o?lnd channel resistance [5], [6]. The technique relies on a single

accurate understanding of the charge control under the gaté’@lce of equipment, a low-frequency impedance meter, and

the device. The dependence of the channel low-field electrd@" Pe easily automated.

mobility (;z) and sheet carrier concentratioms) on the gate-
source voltagd Vgs) crucially shapes the operation of these
transistors. Traditionally, the charge control of HFET's is IIl. THEORY
determined from a combination di~V and C—V measure-  The theory that will be described in this section applies
ments in specially-designed test structures [1]-[3]. In practiae, field-effect transistors with “leaky” gates, such as HFET’s
this method of characterizing HFET's is inconvenient becauséd MESFET’s. The geometry of the problem is shown in
it requires two independent measurements using differegfiyy. 1, which represents a generic FET biased in the linear
test equipment. In addition, the conventional measuremenbde of operatioriVys < |Vas — Vr|). In this regime, a very
techniques ¢ -V charge control and dé—V' curves) do not small electric field exists along the channel and the channel
consider transmission line effects (TLE) [1]-[6], which areesistance is uniform throughout. The proper equivalent circuit
potentially a serious source of errors, as it will be shown irepresentation of the intrinsic HFET is a network of series
this work. resistances and parallel conductances and capacitances, as
In this paper, we propose a new simple technique thsiiown in Fig. 1. The series resistan& (per unit length)
completely characterizes the charge control of an HFET usibBaracterizes the channel resistance, the parallel conductance
a single set of measurements. We denote our technique “thieand capacitanc€’ (per unit length) represent respectively
Zy1 impedance measurement.” For a given gate bias, iR leakage and the capacitive effect between the metal gate
impedance seen from gate-to-source with the drain floatingdad the conducting channel. The source and drain resistances
measured over a broad frequency range. A transmission liRg and R connect the intrinsic device to the outside world.
Manuscript received April 24, 1997. The review of this paper was arrangedIn o'fder to eXtraCtN(VC{S) and ns(Vas), we ”ee‘?' to
by Editor N. Moll. This work was supported by the Joint Services Electronicdetermine the channel resistanReand the gate capacitance
Program (DAAH04-95-1-0038), a Presidential Young Investigator Award fronrr 95 g function ofVqs. The proposed technique consists of
the National Science Foundation (9157 305-ECS), Texas Instruments, and Vi . ith I . |
Lockheed Martin. applying a dc bIaS_WIt a small ac signa between gate and
A. N. Ernst was with the Massachusetts Institute of Technology, Cambridggource and measuring the resulting ac current. The drain is left
MA 02139 USA. He is now with College des Ingenieurs, Paris, France. floating so that there is no current througty nor the drain-
M. H. Somerville and J. A. del Alamo are with the Massachusetts Instituted half of the ch | similar]
of Technology, Cambridge, MA 02139 USA. side half of the channel, similarly to the,.(fd) measurement
Publisher Item Identifier S 0018-9383(98)01150-2. in [6]. Using a common-source two-port notation, the effective
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Fig. 2. Z;1 measurement and fit as a function of frequency for three differgpt. The top graph iRe[Z11]; the bottom graph i$Im[Z;11]|/w. For
clarity, these graphs only plot five data points per decadg. dthe fit was carried out using the full data set that consisted of 80 data points per degade of

measured impedancB,; is resistance in series. This corresponds to a situation in which
parallel conduction through the gate metal from the source to
(1) the drain is negligible. That is, TLE are small. On the other

Z11 - + Rs

tanh(vyLg) hand, (5) describes a situation in which TLE are dominant.
) o That is, the gate barrier resistance is made negligibly small
where Z, is the characteristic impedance (or equivalently the channel resistance very large) and the
gate metal effectively shorts the channel. TLE are not usually
7 _ R 2) considered in the analysis of conventior@@-V and /—V
VN G+ juwC measurements.
For any given test structure at any gate bias, if we fit
~ the propagation constant the real part of (1) to &e[Z11] measurement over a broad
frequency range, the two parameters of intelgsind C' can
v =+vVR(G+ jwC) (3) be extracted in a single measurement. Repeating this procedure
for different biases, we obtaiR and C as a function ofVgs,
w the angular frequency, anbl; the channel length [6]. and consequently.s(Vas) and p(Vas). The imaginary part

The frequency dependence ﬁtl in (l) can be exp|0ited of le, Im[le], does not prOVide any extra information, but
to extract the parameters of intereft,and C. In particular, Can be used to reassure that the model fits well the data.
a measurement dRe[Z;;] over a broad frequency range is
sufficient for this purpose. There are two limits to (1). For I1l. EXPERIMENTAL

short gate lengthsike[Z1;] simplifies to As a vehicle for this study we used a InAlAs/InGaAs high

electron mobility transistor (HEMT) fabricated at M.L.T. [7].

Re[Z11] = % + 1RLG + Rs The test structure studied here is a 200200 ym? HFET
La(G? +w?C?) - 2 (FATFET). From TL measurements, the source resistance is
Le < Re'[y] (4) estimated to be about @.mm, which translates int&s of
about 5%2. The threshold voltag&7r is —1.6 V.
whereas for long gate lengthBe[Z1,] is The Z,; impedance was measured with an HP-4194
Impedance-Analyzer as a function of frequendp(( Hz <
Re[Z11] ~ wCVR + R 7 < 1§ MHz). The Imped.ance—AnaIyzer applies an ac signa.l
\/2(G2 + w2 C2) (VO F u?0? — G) superm_wpose_d to a dc bias and measures the corresponding
small-signal impedance. It was found that probes and cables

Lg > Re™'[y]. (5) added a constant parasitic inductor term of value 0.78 ;H
to all measurements.
In the first case (4), the transistor can simply be modeledAt any gate bias, the real part of (1) was fitted to the
by a capacitor and a conductance in parallel with the chanf®[Z;;] measurement holdingRs and L constant. Fig. 2



ERNSTet al: NEW Z;; IMPEDANCE TECHNIQUE TO EXTRACT MOBILITY AND SHEET CARRIER CONCENTRATION 11

= 127
10 +
L ¢ C AN 410° T
C 8F e N A—A A——A—A 100 2
c.’o 6 : \. /A Q
o o]
= 4f A e, {10° 3
O 2 A/A \.\0\.\ 3
0 L —e—o 99 =
fv’g N /A/A/A {e £
5 L e—" 24 : )
PR S BN o A e 48 o
- . /0\.__./ A \. ] 3“’
o 1 ¢ A S \ 17 <
0 A A A 1 1 L : <
—— 1 [ 1—
§ 10
= f~—LL ]
A 0 - =
O == f=15 MHz E
10'3 [ L 1 5 i L |
-1.5 -1.0 -0.5 0.0
Ves (V)

Fig. 3. Results extracted from tH€ ; technique as a function df.;s: the top graph shows the fitted gate capacitance and channel resistance per unit length;
the middle graph is a plot of the resulting sheet carrier concentratioand channel mobility micron; the bottom graph is a ploRef~'[+] at dc and atvmax.

shows the measurement and fit Bf; versus frequency for measurement and the onel®é[Z;,] at the same gate biag,
three differentVzs (0, —0.6, and—0.9 V). The noise at low andG are determined within an error margin of 5%. The gate
frequency in the bottom graph is due to the instrumentati@apacitanc&” was then extracted by fittinBe[ 711 ]. With this
phase shift resolution limit. As Fig. 2 shows, the model fitaddition, the accuracy in the value of the fitted parameters is
the measurement very well throughout the entire frequenagthin 5% in the entireVzs swing. This additional procedure
range. is not needed if the instrumentation allows the frequency
The three bias points selected in Fig. 2 correspond tange to be extended to higher frequencies so that. >
different values ofRe[yL¢g]. In the case ofigs = 0V, G/C.
negligible TLE occur over most of the frequency rarige; < The fitted gate capacitancg and channel resistande per
Re™*[+]) with a hint of TLE at the high frequency end. Noteunit length are plotted in the top graph of Fig. 3 as a function of
that for w > G/C, Re[Z11] drops with a slope of-2, Vs, and the resulting channel carrier concentratigi{Ves)
consistent with (4). On the other hand, fog = —0.9 v, and mobility u(Vis) in the middle graph of Fig. 3. As it can
L¢ > Re™![y] for all frequencies and thus TLE are dominantoe seen, channel mobility i§ roughly constant in the entire
In this case, forw > G/C, Re[Z1,] drops with a slope of operating range of the' dewce.. The valuesmgf and . at _
—1/2 as depicted by (5)Vas = —0.6 V is a case in which zerolgate bias are consistent with the heterostructure described
Le is comparable t®e™1[y]. The graph shows that thg, prewpusly and with Hall and charge. contrql measurements:
technique can be used for any valueRd{yL]. that is, for Vgs = 0 V, the Z;; technique gives: = 8072

— 12 —2
The measurement/fitting procedure was repeated for q IV.s andns = 2.98 x 10" cm™=, and Hall measurements

. ; . Qive p = 8092 cm?/V.s andns = 3.63 x 10?2 cm2.
g:cﬁ‘e/rentisgzteet E?Sg;eagtebtle;v;ﬁgge ar';(;(()); \i "r/he u<pp())e£ I\|/m|t The ng Hall value is made on a capped device. A Poisson
as . J S Vgs £ UL y

h f the fi ithin 39 | simulation predicts that taking away the cap diminishgs
the accuracy of the fits was within 3%. Belots = —1V, oy 1o 32 x 1012 cm~2, in which case theZ;; and

the error increased: that is, fgs = —1.2 V, the ermor was 5 ,, < values are within 7%. This simple comparison is
20%, and forVgs = —1.4 V about 35%. The reason for thisannropriate since: is rather independent ofs. The inverse
is that the pole atv, = G/C occurred at frequencies close tqyf the real part of the propagation constaté ! [+], is plotted
the maximum frequency of the instrument,,.x = 15 MHz, in the bottom graph of Fig. 3. The full line is representative
and so, the high frequency behavioridé[Z;;] was not well of TLE at dc and the dashed line at = wy,.x. As it can
observed. be seen, TLE are dominant at all frequencies Tqrs <

To overcome this inaccuracy, an additional impedance meag.8 V. At wy.., we find that TLE are present at all
surement was performed fdrgs < —1 V. It consists of Vgs.
biasing the gate, and measuring the small signal impedancé\s a final check, we measuref]; with the drain and source
between drain and source. This corresponds to measuringerted for five bias points covering th&;s swing. The value
(Y12 + Y32)7%. The dc value of(Yy, + Ya2)~! is solely of the fitted parameter§, GG, and R were within 6% of those
given by R, G, and L [6]. Combining the dc value of this obtained in the standard configuration.
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gate leakage current. This will have to be assessed for each
individual technology.

4 — T T j T j T

—— Z,, technique
fffff Conventional technique

110°
] V. CONCLUSION

A new simple technique to extract the channel resistance
and gate capacitance in FET's, called thg, impedance
measurement, has been developed. For a given gate bias, the
impedance between gate and source with the drain floating is
measured over a broad frequency range. A transmission line
model is fitted to the measurements. The technique is applied
to and the predictions of the theoretical model are confirmed in
INg.52Al 0. 48AS/INg 53Gay 47AS HFET's. We also compared the
Zy1 technique to a conventional technique. We showed that
the conventional technique leads to significant errors when

the device operates under transmission line effects: channel

Fig. 4. Channel mobility: and sheet carrier concentratiery obtained for mpbility is overestimated and sheet carrier concentration un-
the Zy technique (continuous line) and a conventional technique (dash

line) as a function of’;s. The conventional technique introduces very Iargﬁeresumaf[ed for all values dfgs.
errors due to transmission line effects.
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and a widely used simple technique. We follow a procedure in
which the total channel resistanc®,.., is derived from dc
I-V curves and the gate capacitance is obtained #€6a1”  [1] R. A. Pucel and C. F. Krumm, “Simple method of measuring drift
measurements [4] An HP-4145 parameter ana|yzer and an HP- mobility in thin semiconductor films,Electron. Lett, vol. 12, no. 12,
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4194 impedance analyzer have been use(_:i to perform the % K. W. Lee, K. Lee. M. S. Schur, T. T. Vu, P. C. T. Roberts, and M. J.
I-V and acC-V measurements, respectively. We equated Helix, “Source, drain, and gate series resistances and electron saturation
Renan to the dc incremental output resistaneg, in the linear ve:ocity ignzion-iglglanted Gg,gs FET's,[EEE Trans. Electron Devices
X . . vol. ED-32, p. 987, May 1985.
regime [1]-{3]. C—V measurements were carried out with a3} 3. b. wiley and G. L. Miller, “Series resistance effects in semiconductor
100 kHz ac small signal applied on top of a dc bias [3], [4].  CV profiling,” IEEE Trans. Electron Devicesol. ED-22, pp. 265-272,
: ; ; 2 ; May 1975.
We apphed thIS_, technlque to a 200 200 /“Lm_ diode Iymg _ [4] P. A. Folkes, “Measurement of the low-field electron mobility and
on the same dice as the FATFET characterized as described compensation ratio profiles in GaAs field-effect transistofgpl. Phys.
above. We assumed a parallel model as commonly used [4], = Lett. vol. 48, no. 6, pp. 431433, 1986.
. . . ] R. F. Pierret,Solid-State Electronvol. 25, p. 253, 1968.

The resultingns and . obtained from each technique are [g] 3 A’ del Alamo and W. J. Azzam, “A floating-gate transmission-line
plotted in Fig. 4 as a function o¥gs. As it can be seen, model technique for measuring source resistance in heterostructure field-
the conventional characterization technique underestimates igggt transistors,1EEE Trans. Electron Devicesol. 36, p. 2386, Nov.
and overestimates throughout the entire operating range @ M. H. Somerville, J. A. del Alamo, and W. Hoke, “A new physical
the device. Both errors arise from the fact that conventional B‘_Odellgsthe k'g‘%iﬁggzon INAlAs/InGaAs HEMT's,” ilEDM Tech.
techniques do not consider TLE. In the casengf, C—-V '9-, » PP £01=20%
characterization techniques only measure a fraction of the total
capacitance: fobqg slightly abovelr, the channel resistance
is large and so conduction occurs only at the periphery of
the diode test structure. As a result, a lowsgy is obtained
for all Vgs. Similarly, when TLE are prominent, the channel
resistance cannot be derived from simplel” measurements:
conduction through the gate metal competes with the channel,

and thus, the measured output resistafig') is smaller than
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