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Abstract—We have developed a methodology to diagnose the Il. EXPERIMENTAL
physical mechanisms limiting the manufacturing uniformity . _ .
of millimeter-wave power InAlAs/InGaAs HEMT’s on InP. A The devices studied in this work are Qufin gate length and

statistical analysis was carried out on dc figures of merit obtained 25 p#m gate width double-heterostructure InP power HEMT'’s
from a large number of actual devices on an experimental wafer. on one experimental 3-in wafer from Lockheed Martin Sanders
o vt S achm g sossensaion o 31 A The heterostuciure was groun by molecular-beam cp
I(:Inut;ed during molecular-beam epitaxypacgounted for more than taxy (MBE) and includes “’_VO Si delta-doped layers above a.md
half of the manufacturing variance. Variations in the gate-source P€lowthe channel. The devices feature an electron-beam written
distance that is determined by the electron-beam alignment in the T-gate and a selectively recessed depleted cap. A total of 50 de-
gate formation process were found to be the second leading sourcevices located on every other die of the wafer were studied. All
of manufacturing variance. The statistical methodology used in figyres of merit were measured with an identical probe configu-
itm;r‘(’)"\?:r(ng‘n?‘f:}tzblﬁafg{]f;%?mgg”esm‘/)irrgﬁfnsgn{!eId diagnostics and a4ion - allowing fast and completely automated measurements.
We selected ten dc figures of merit that map to key mil-
limeter-wave power figures of merit. They are listed in Table I.
They include the threshold voltagéy, the maximum transcon-
HE InP high electron mobility transistor (HEMT) isductance,g,, max, the gate-source voltage at whigh, nax
the leading contender for high-power high-efficiencyccurs, Vias(gm max), the maximum drain current/p ymax,
millimeter-wave power amplifiers [1], [2]. As the InP HEMTthe output conductance,, the off- and on-state breakdown
technology matures, manufacturing issues come to the foweltages,BVys o, B Vas_og aNd BVys_on, and the source and
ground. To date there has been little work on understandidgain resistanced?; and R,. The measurement conditions for
the key factors affecting the manufacturing uniformity of thesthese figures of merit are also summarized in Table |. Basically,
devices. Such a study has been hampered by the consider&®leg.,, max, Vas(gm max) @aNdIp max Were obtained from the
amount of work that it takes to measure millimeter-wave powéansfer characteristicg, was obtained from two transfer char-
figures of merit. Manufacturing uniformity control and im-acteristics at two close values bfi;. BVig o and BV, o
provement is critical because high cost represents a significargre extracted using the drain-current injection technique [5].
road block in the development of millimeter-wave systems. BV, o, Was measured using the gate-current extraction tech-
In this work we have carried out a statistical study of dc figrique [6]. R, and R, were obtained using the end-resistance
ures of merit of InP power HEMT's that strongly impact théechnique [7]. Of the 50 devices that were measured two were
millimeter-wave performance of these devices. All of the séeund to be anomalous and their corresponding data were
lected figures of merit were measured in actual devices. A stliscarded. Table | lists the mean and standard deviation of each
tistical analysis of the results using a principal components anfijure of merit. The standard deviation as percentage of the
ysis (PCA) was carried out. This analysis was instrumental imean is additionally given. Variations of the figures of merit
revealing the two dominant physical sources of variability inever exceed 16% across the entire wafer.
these figures of merit. The methodology used in this work canThe correlation matrix of the measurements of the figures of
be easily implemented in a manufacturing environment for comerit is shown on Fig. 1. Each vignette lists the correlation co-
tinuous process diagnostics and improvement. efficient between two figures of merit. A correlation coefficient
close to one indicates a strong positive correlation between the
two selected figures of merit; if close tel, the correlation is
strong but negative; if close to zero, the correlation is weak.
_ _ , _Some of the correlation coefficients on Fig. 1 can be interpreted
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TABLE |
DEFINITIONS AND THE MEASURED VALUES OF THE DC RGURES OFMERIT USED IN THIS WORK (L, = 0.1 pgm, W, = 25 um).
“STDV” REFERS TO THESTANDARD DEVIATION OF THE FIGURES OFMERIT

Symbol Figure of Merit Measurement Conditions Mean | Stdv | Units Stdv/llylz/)leanl
Vr Threshold voltage V4=1.2V, Ip=1 mA/mm -1.442 1 0.072 v 5.0
Emmax Maximum transconductance V=12V 718 49 mS/mm 6.8
Vos(8mmax)| Gate-source bias for GM Vg=12V -0.656 | 0.078 v 12
Ibmax Maximum drain current Ve=12V, V=04 V 846 68 | mA/mm 8.0
g4 Output conductance V=12V, V=0V 91 11 mS/mm 12
BV o | Drain-gate off-state breakdown voltage Ip= 1 mA/mm, I5=-1 mA/mm 385 | 0.21 v 5.5
BV o | Drain-source off-state breakdown voltage | Ip=1 mA/mm, Ig=-1 mA/mm 2.09 | 0.26 \% 12
BV4s on Drain-source on-state breakdown voltage | Ip=200 mA/mm, Ig=-1 mA/mm | 1.63 | 0.14 v 8.6
R; Source resistance Is=I=100 mA/mm, Ip=0 0.24 | 0.04 Ohm*mm 16
Ry Drain resistance Ip=Ig=100 mA/mm, I3=0 0.31 | 0.05 [Ohm*mm 16
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Fig. 1. Correlations among dc figures of merit. The number in each vignette indicates the correlation coefficient.

of two figures of merit:BVy,_or andgn, max. While BV ox  to further our insight into the physics underlying variations in
exhibits a circular symmetry;,., ..x appears to show a linearthe figures of merit we have performed PCA of the data.
gradient from left to right in the figure. This suggests that there
are at least two different and independent mechanisms at play
that result in variations in the figures of merit.

From examination of the data in Figs. 1 and 2 alone, itis not PCA is a statistical technique that performs a coordinate
possible to uncover the physical sources of variability. In ord&ansformation from the original space of electrical measure-

[ll. PRINCIPAL COMPONENTANALYSIS
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Fig. 2. Spatial distribution on the wafer &Vas_ocr and gum max. The fact ol
that these two distributions are very different suggests that there are at least two vr
major mechanisms that result in manufacturing variations.
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Fig. 4. Contributions of each of the principal components to the variance of
each dc figure of merit. The signs indicate whether a component has a positive
or negative correlation with a given figure of merit (see text).

insufficient for computing their values and identifying them.

13% Identification and correction of the first three components, how-
(10-17%) ever, is sufficient for dramatic uniformity improvement.
51% In order to carry out the identification of the leading principal
(41-69%) components, their relative impact on each dc figure of merit

should be examined. Fig. 4 shows a percentage of the variance
of each figure of merit that is attributed to each principal compo-
nent. For example, P1 accounts for nearly 80% of the variance of
Vr. In contrast, P1 accounts for less than 25% of the variance
of ¢, max, While P2 accounts for nearly 70% of it. P3 is seen
to enter strongly in the variance 9f. The percentages shown
Fig. 3. Relative importance of the principal components in the manufacturifiy Fig. 4 are statistically significant for each of the three most
variance. P1 explains 51% of the variance of the manufacturing process.  important components. The standard deviations of the contribu-
tions of the first three principal components toward any figure

ments to a new space of uncorrelated “principal component@-merit did not exceed 9% under the assumption of a multi-
These principal components are ordered according to the tofafiate normal distribution [8]. Hence Fig. 4 is areliable vehicle
variance that they account for in the original data: first PPr Physical identification of the three leading principal compo-
is selected to account for the maximum possible variance MMS:
the data set, then the second component, P2, is selected foig. 4 also indicates the sign of the correlation between the
maximize the variance of the residual after P1 is removefincipal components and the figures of merit. PCA does not
and so on. A comprehensive treatment of PCA can be fouligld the absolute signs of the correlations, just the relative sign
in [8]. More details about the use of PCA in our work can bamong all correlations of a given principal component. For ex-
found in [9]. In the first pass, all figures of merit were weighte@mple, the correlation between P1 dngdhas a contrary sign to
equally. Emphasis on selected figures of merit can be madetbg correlation of P1 anfi, .. In Fig. 4, a choice of signs has
introducing appropriate weights. been made that makes physical sense and that aids the identifi-
The relative contribution of each principal component to th@ation of the physical origin of the principal components. This
total variance of the data setis shown in Fig. 3. This figure showsdiscussed in detail below.
that the most significant component, P1, accounts for 51% ofSpatial distributions of the principal components can also be
the total variance of the process. Correct identification of theonstructed. They are exhibited on Fig. 5 for P1, P2 and P3. The
component followed by appropriate corrective action can sigircular symmetry of P1 and the linear gradient distributions of
nificantly improve the manufacturing uniformity of this process?2 and P3 offer further clues for their identification. This figure
The second and the third components account for 21% and 130 shows how these three principal components are uncorre-
of the total variance respectively. The rest of the componenésed: their spatial distributions are very different.
add up to a total of 15%. 80% confidence intervals for the con- We now proceed to give a physical interpretation to P1, P2
tributions of each principal component can be found as in [8nd P3. The previous section suggests that these principal com-
They are listed in brackets in Fig. 3. P1, for example, accourgenents are closely related to various steps of the manufacturing
with 80% confidence for 41% to 69% of the variance of the emprocess. The identification is facilitated by Fig. 4, which indi-
tire data set. The confidence intervals of components P5 througgtes the nature of relationships between the principal compo-
P10 overlap badly. This indicates that the experimental datanisnts and the figures of merit.

21%
(16-28%)
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are two possibilities for it, one is the InAlAs insulator thick-
ness, the second one is the Si doping level in the delta-doped
supply layers. The weak correlation between P1@nd. al-
lows us to rule out the first option since a change in insulator
thickness should strongly affect the transconductance of the de-
vice through the insulator capacitance. Hence, P1 represents the
Si doping level in the supply layers. The Si dopants are intro-
duced during the MBE growth of the structure in the form of two
delta-doped layers above and below the channel. The sample is
rotated during MBE growth in order to compensate for spatial
Fig. 5. Spatial distributions on the wafer of the first three principahonuniformity of the Si flux emanating from the effusion cell.
components. Notice that the first component, P1, has a radial distributiofyis compensation is not perfect and a variation of Si concen-
while P2 and P3 exhibit linear gradients along orthogonal directions. . . . ..
tration with a circular symmetry results on the wafer. This is
precisely what is observed for the spatial distribution of P1 over
the wafer shown in Fig. 5.

A. Interpretation of P1

Fig. 4 shows that P1 has a strong positive correlation with )
I max and strong negative correlations with, the breakdown B- Interpretation of P2
voltages, and the parasitic resistances. This behavior can only bp2 has a positive correlation wifR,, but only a weak influ-
explained by associating P1 with the sheet carrier concentratigiite onR,, (Fig. 4). Its impact ony,, max iS Very large (63%),
in the channel of the device,. Let us examine this hypothesispuyt there is none og,. There is also negligible influence of
in detail. P2 onVr. This strongly suggests that P2 is related to the gate-
« P1 accounts for 78% of the variancdip, and the correla- source extrinsic region of the device. A likely explanation for
tion is negative. Higher, increases the inversion chargdhe correlation of P2 with the figures of merit is the identifica-
in the channel in equilibrium which mak&g more neg- tion of P2 with the variations in the gate-source distafige
ative. Let us examine this hypothesis in detail.
» The impact of P1 o p .a.x iS large (77%) and positive.  « P2 has a negligible impact orip, becausd/ does not
This is consistent with the fact thpb yax in INP power depend on the position of the source contact relative to the
HEMT's is limited byn, [11]. gate.

» P1 has a relatively large impact on the variances of all
three breakdown voltages, and the correlation between P1
and these quantities is negative. It is well known that all
these breakdown voltages decrease whgis increased

[4], [10].

P1 accounts for a substantial fraction of the variance of
R, andR, and exhibits a negative correlation. This is also
consistent with P1 being relateditg in the channel since
a portion of R, and R, is the access resistance from the
edge of the ohmic contact to the edge of the gate. Addition-
ally, this is a power device design with a surface depleted
cap in which the access resistance is dominatead,by .
P1 has a small but positive correlation with the variance of
Gmmax- THiS IS also consistent with the identification of P1  «
as related to;. g, max IS the extrinsic transconductance
and it should increase slightly when increases through
the negative impact af, on R,.

The negative correlation between P1 &g (¢ masx)
can be explained through the impactof on V. As
n, increasesyr shifts down and with it the wholg,,
vs. Vg curve shifts to lower voltages, thus decreasing
VGS (grn max) .

The positive correlation betweegyy and P1 stems from
the fact thaty, increases with the bias current at which it
is measured which in turn increases withas discussed
above.

The negative correlation of P2 agg, max arises through
R,, which is directly affected by.,..

The negative correlations between P2:s( g, max) and
Ipmax are related. The peak and subsequent drop in
transconductance in the devices under test results from
the blow up of source resistance at high current values
due to velocity saturation [12]. A higher value @f,;
makes this condition occur at smaller values of current,
thus leading to a smalléfgs (g, max) @NAL b pax.

As an extrinsic source related parameter, P2 should have
no impact ory, and the breakdown voltages.

The positive correlation between P2 aRd makes sense
sinceR, is linearly proportional ta_,;.

In principle, sincekli, is related taL, and that in turn is
affected byL,., one would expect a negative correlation
betweeni?; and P2: the highek..,, the smallerL.q and

R4 ought to be. This is not observed in our results. There
is no statistically significant correlation betwe&y and

P2. A possible explanation for this is that these are asym-
metric devices with the gate placed closer to the source.
Thus, the relative impact of misplacing the gate is signif-
icantly higher on the source side than on the drain side.
Additionally, asymmetric gate placement makes the im-
pact ofn, variations higher il?,; thani,, as observed in
Fig. 4. This makes it harder to identify any other sources
of variance inRy.

The preceeding discussion makes it quite convincing that Bhte-source distance variations are determined by the repro-
is directly associated with the sheet carrier concentration adicibility of the positioning of the electron beam process used to
electrons in the channel,. But what makes, change? There write the gate. P2 has a roughly linear distribution on the wafer
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Fig. 6. Identity of the first two principal components in the structure of an Ini * .
power HEMT.
L ]
(Fig. 5). This is consistent with the identification of P2 as ai 50 PLany
A,

electron-beam process related variable, since the electron be
draws the gate on the wafer scanning the die in a linear manner.
Fig. 6 shows a schematic diagram of the device indicating tﬁ:é'}jé
physical origin of P1 and P2.

Maximum current through a TLM test structure versus the P1 value for
MT device on the same die. The correlation coefficient is 0.84.

C. Interpretation of P3 the qistgnce_between the gate and the source, in agreement with
' the findings in [13].
The results of Fig. 4 indicate that P3 affects oply B Vs _og,
and 4. This suggests a strong association of P3 with the ex- V. CONCLUSION
trinsic drain portion of the device. Upon detailed examination

of all correlations and their signs, no single structural parame%lgljn summary, we used PCA to identify the two most impor-

nt sources of manufacturing variability in InP power HEMT'’s:
e concentration of Si dopants in the delta-doping layers of
the device and the distance between the gate and the source.
Jointly these two components account for 72% of manufacturing
variations in this process. Our findings are in agreement with
Measurements on transmission line model (TLM) test struthose reported by Elliott al.[13] on TRW’s InP based MMIC
tures were carried out in an effort to confirm the identity of P¥abrication line. Necessary statistical data were obtained from
The saturation current that is obtained in a TLM structure whe&imple dc measurements on actual transistors—no specialized
arelatively high voltage is applied is directly proportionahto test structures were required. Our methodology can be easily
and the electron saturation velocity,. Sincevs,: is set by the implemented in a manufacturing environment for continuous
nature of the material, it should not be affected by small maprocess uniformity diagnostics and improvement.
ufacturing variations. Hence, the maximum current in a TLM
constitutes a direct probe of the sheet carrier concentration in REFERENCES
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IV. DISCUSSION
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