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InAlAs/InGaAs high electron mobility transistors (HEMTs) have been transferred onto polyimide

flexible substrate. By means of epitaxial layer optimization, kink effect in HEMT on flexible

substrate, which existed in our previous work, has been suppressed. The value of maximum drain

current reaches 580 mA/mm and high cut-off frequencies fT¼ 160 GHz, fmax¼ 290 GHz are obtained

for unbent status. The effect of mechanical bending conditions on electrical performance has been

also investigated in static and dynamic regimes. This study indicates that electrical characteristics are

weakly affected by bending induced strain. These bending mechanical tests demonstrate the viable

flexibility of the devices. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4811787]

Flexible electronics have been attracting considerable

attention over the past decade, due to their advantages, such

as light weight, toughness, and mechanical bendability. In

order to develop these microelectronic circuits for future

wide scale applications, excellent transistors are needed.

Several approaches of flexible transistors have been reported

(e.g., organic thin film transistors, polycrystalline-silicon, as

well as amorphous silicon).1–4 However, the main problem is

that their low effective carrier mobilities definitely limit their

performances in the higher frequency applications. Owing to

the high electron mobility of heterostructure III–V semi-

conductor materials, the impressive performance of high

frequency III–V metal-oxide-semiconductor field-effect tran-

sistors which are fabricated directly on the flexible substrate

has been demonstrated.5 Recently, we reported a feasible

method for transferring the InAlAs/InGaAs high electron

mobility transistors (HEMTs) into the polyimide substrate

(Kapton)6 by means of adhesive bonding technique. The fab-

ricated devices have provided high cut-off frequencies

(fT¼ 120 GHz and fMAX¼ 280 GHz). However, the major

defect in our previous experiment is the presence of the kink

effect which leads to the abnormally low static drain current.

In this letter, we propose an optimized design of the layer

structure and show the improvement on electrical perform-

ance. Transistors can operate with higher drain current and

cut-off frequencies, and the kink effect is completely sup-

pressed. Moreover, static (DC) and dynamic (RF) perform-

ances comparison for various bending radius down to

12.5 mm is also presented.

Figure 1 shows the cross section of the optimized layer

structure before bonding on the polyimide substrate. Lattice-

matched InAlAs-InGaAs HEMT epitaxial layers have been

grown on an InP substrate by a solid source molecular beam

epitaxy. Active layer is composed of an Nþ InGaAs cap

layer (6� 1018 cm�3), an InAlAs barrier, two Silicon

d-doping planes, two InAlAs spacers, an InGaAs channel

and an InAlAs buffer layer. Next, InP passivation layer and

InGaAs etch-stop layer have been added. It is important to

point out that the epitaxial layer structure is upside down

during the device fabrication. Consequently, InP passivation

layer is used to avoid carrier depletion of the active layer

caused by the Fermi level pinning at the surface. The

InGaAs etch-stop layer, used for the transfer process onto

flexible substrate, is etched during the last step of device fab-

rication. In our previous work,6 InP passivation layer was

not sufficient to avoid a partial depletion of the channel

caused by the Fermi level pinning due to the surface poten-

tial at the air-semiconductor interface leading to high

kink effect. In this work, a second Silicon delta-doping plane

(3� 1012 cm�2) has been added between the channel and the

buffer layer which screens the surface potential effect.

The fabrication steps of HEMTs on flexible substrate

(HEMT-FS) are the same as those already reported in our

previous work6 with identical device geometry (physical

gate length of 100 nm and gate width of 2� 50 lm). The

Ni/Ge/Au/Ni/Au ohmic contacts are defined by electron-

beam lithography, metal E-beam evaporation and annealed

at 295 �C for 20 s. Then, the mesa wet-etching for device iso-

lation is performed. This wet-etching stops at the interface

between InP passivation layer and InGaAs etch-stop layer.

Next, bonding pads are realized by the metallization of

Ti/Au/Ti. After the gate-recess process is carried out and

Ti/Pt/Au/Ti gate metals are evaporated and lifted off. Next,

thin-film microstrip (TFMS) access lines fabrication and

adhesive bonding process. During the last step, the InP sub-

strate and InGaAs etch-stop layer of the upside-down HEMT

structure are, respectively, removed by an accurate wet-

etching process which stops on the InP passivation layer.

Figure 2 presents the schematic representation of the 2 gate

fingers HEMT-FS device at the end of fabrication process.

All the following measurements are carried out at room

temperature. Hall measurement has been performed on

active layer (with cap layer) of HEMT-FS after device fabri-

cation. Hall density (nH) and Hall mobility (lH) reach

8.9� 1012 cm�2 and 7300 cm2 �V�1 s�1, respectively. In our

previous work, it was found that nH and lH were 5.4

� 1012 cm�2 and 7400 cm2 �V�1 s�1. We can observe that

hall mobilities are unchanged while nH is strongly increased
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due to the additional silicon doping plane. Figure 3 shows

the typical output characteristics of the transistor in unbent

condition. Previously reported output characteristics6 are

also plotted. For this work, the value of maximum drain cur-

rent IdMAX reaches 580 mA/mm for a gate-to-source voltage

VGS¼ 0 V. Compared with our previous work, this value of

this current increase by �176% and the kink effect is totally

suppressed. The disappearance of the kink effect can be

attributed to the optimized layer structure which fully pre-

vents the depletion of the channel layer and, consequently,

avoids the low electron channel concentration of the source

side in the recessed area.7,8 Nevertheless, the maximum ex-

trinsic transconductance gm is 750 mS/mm for a drain-to-

source voltage VDS¼ 0.6 V. The gm in our previous work is

equal to 800 mS/mm. This lower value of the gm can arise

from the increase of coulomb scattering induced by adding

of second d-doping plane. Moreover, threshold voltage VTH

is estimated to be �1.2 V. The value of VTH is equal to

�0.25 V in our previous work. This negative shift of VTH can

be attributed to the higher charge density in the channel

observed on measured hall parameters. Consequently, higher

negative gate voltage is needed to deplete the channel.

The S-parameters of the 100 nm-gate HEMT-FS have

been measured by using a vector network analyzer. The

Mason’s unilateral power gain Ug and the extrinsic current

gain jH21j2 are shown as a function of frequency in Figure 4.

Note that parasitic components related to the probing pads

have been carefully de-embedded from the measured

S-parameters using “open” and “short” devices fabricated on

the same wafer.9 Based on the usual 6 dB/octave extrapola-

tion, the HEMT-FS exhibits a fT of 160 GHz and a fMAX of

290 GHz. In our previous work, the HEMT-FS exhibited a fT
of 120 GHz and a fMAX of 280 GHz.6 Despite the lower gm

obtained for these devices compared with previous work, fT
and fMAX have increased. This RF performance improvement

can be arised from the higher charge density measured in

this active layer which decrease source and drain parasitic

resistances (RS and RD).10

In addition, we have investigated the influence of the

substrate mechanical flexure on static and dynamic perform-

ance. As shown in Figure 5, we have measured HEMT-FS

by using an arc-shaped metal supports of various bending ra-

dius which allows to bend the flexible substrate during meas-

urements. All measurements have been performed at room

temperature and the bending induced strain has been applied

along the gate width. Note that similar electrical results (not

shown) have been obtained when strain is applied along the

source-drain direction. Figure 6(a) shows a sequence of

current-voltage curves measured at different bending radius:

71.5 mm, 25 mm, and 12.5 mm. The corresponding strains,

FIG. 1. Epitaxial layers of InP-based HEMT-FS (HEMT on flexible

substrate).

FIG. 2. Schematic representation of 2 gate- fingers HEMT-FS.

FIG. 3. (Solid line) Output characteristics of 100 nm-gate length HEMT-FS

in unbent status. Gate bias voltage is 0 V for the top curve and the gate step

is �0.2 V. (Dashed line) Output characteristics previously reported6 of

100 nm-gate length HEMT-FS in unbent status.

FIG. 4. Frequency dependence of Mason’s unilateral power gain Ug and cur-

rent gain jH21j2 measured at VDS¼ 0.7 V for unbent status. Dashed-dotted

lines correspond to �20 dB/decade extrapolation.
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calculated by the mechanical modeling of multi-layers for

flexible devices,11 are 0.09%, 0.24%, and 0.49%, respec-

tively. The slight difference between the four current-voltage

curves suggests that HEMT-FS static characteristics are

weakly affected by the bending conditions. Indeed, maxi-

mum change of drain current is lower than 13% for these

three bending conditions. Figure 6(b) shows the comparison

of frequency dependence microwave gains for these three

bending conditions. One can observe that the decrease of

bending radius leads to a slight decrease of fT. Moreover,

fMAX of unbent status is higher than the other three bending

status. In order to interpret these results, small signal equiva-

lent circuit (SSEC) models of HEMT-FS for these different

bending values have been also extracted from the measured

S-parameters. Table I summarizes the measured cut-off fre-

quencies (fT and fMAX) and the relevant elements of SSEC

models obtained for different bending conditions. Note that

de-embedding procedure of parasitic components has been

performed under bending status for each bending radius.

From Table I, cut-off frequencies degradation for bent

devices seems to be mainly attributed to the decrease of gmi

and/or Rg since no significant change in intrinsic resistances

(Rs and Rd), output conductance gd, and intrinsic capacitan-

ces (Cgs and Cgd) is observed. In order to confirm this hy-

pothesis, calculated gains from extracted SSEC models using

Advanced Design System (ADS) software have been done.

First, to validate the approach used here, experimental fre-

quency dependence of jH21j2 and Ug gains are compared

with those obtained from ADS software for unbent condition

(Figure 7(a)) and for the highest bending radius (Figure 7(b)).

We can observe that simulated results are in good agreement

with experimental measurements with similar cut-off fre-

quencies, and hence validating our SSEC model. Next, in

order to estimate the main element of SSEC responsible for

cut-off frequencies degradation when strain is applied, jH21j2
and Ug gains have been calculated by modifying separately

gmi value and/or Rg value from unbent SSEC model without

changing values of other electrical elements. For these simu-

lations, gmi and Rg have taken their respective values

obtained for bent condition of R¼ 12.5 mm (i.e., 893mS/mm

and 104 X/mm, respectively). Table II summarizes cut-off

frequencies obtained from theses simulations.

From unbent SSEC model, by only changing gmi value

from unbent to bent condition (i.e., 1020 mS/mm to 893 mS/

mm), fT and fMAX reach 145 GHz and 275 GHz, respectively.

fT is close to experimental value (140 GHz) but fMAX is rela-

tively far away. In the same way, by only changing Rg value

from unbent to bent condition (i.e., 69 X/mm to 104 X/mm),

fT and fMAX reach 160 GHz and 280 GHz. In this case, only

fMAX is affected by the gate resistance degradation but large

difference between experimental value (255 GHz) and simu-

lated value (280 GHz) is observed. Finally, when Rg and gmi

are simultaneously modified, simulated and experimental

results are similar. Consequently, this study shows RF per-

formance degradation is related to the decrease of gmi and

Rg elements but gmi degradation is mainly responsible of

cut-off frequencies variation. gmi decrease can be explained

FIG. 5. Test bench for on wafer DC and RF measurement under bending

conditions.

FIG. 6. (a) Typical HEMT-FS I-V characteristics obtained for various bend-

ing radius (and their corresponding surface strains). Gate bias voltage is 0 V

for top curves and gate step is �0.2 V. (b) Frequency dependence of current

gain jH21j2 and Mason’s unilateral power gain Ug at VDS¼ 0.7 V for various

bending radius (and their corresponding surface strains).

TABLE I. Extracted SSEC model and extrapolated fT-fMAX of 100 nm-gate HEMT-FS under various bending statuses.

gmi (mS/mm) gd (mS/mm) Cgs (fF/mm) Cgd (fF/mm) Rg (X/mm) Rs (X mm) Rd (X mm) fT (GHz) fMAX (GHz)

Unbent status 1020 131 597 194 69 0.34 0.35 160 290

Bending radius 71.5 mm 972 124 603 190 107 0.34 0.35 158 250

Bending radius 25 mm 950 128 621 183 110 0.34 0.38 156 250

Bending radius 12.5 mm 893 110 611 186 104 0.35 0.39 140 255
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by the bending induced strain on the epitaxial layer which

degrades the electron transport properties in the channel.

Nevertheless, Rg degradation is not clear at this time.

Finally, it is noted that when devices return to original state

(unbent condition) after many stress measurements, fT and

fMAX retrieve their initial values. This behavior indicates that

the decrease of electrical performance is not related to irre-

versible device degradation.

In summary, this letter reports an approach to com-

pletely eliminate the kink effect region of our 100 nm-gate

In0.53Ga0.47As/In0.52Al0.48As HEMTs on the flexible sub-

strate (Kapton). The improved transistors exhibit the much

higher drain current (580 mA/mm) and high cut-off frequen-

cies behavior (fT¼ 160 GHz, fMAX¼ 290 GHz) in unbent con-

dition. Moreover, measured devices for various bending

radius show no obvious electrical degradation (lower than

15%). By means of SSEC model, RF performance degrada-

tion has been attributed to the decrease of gmi and Rg. All

the above characteristics together with the feasible bending

properties provide the highly promising way to integrating

large-area radio-frequency communication devices and high-

speed processing units onto the flexible substrate.
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TABLE II. Cut-off frequencies extracted from unbent SSEC model and

from unbent SSEC model by changing gmi and/or Rg values obtained with

bending radius of 12.5 mm.

Experimental

results with

R¼ 12.5 mm

Unbent

SSEC

model

Unbent

SSEC

model

with

gmbent

Unbent

SSEC

model

with

Rgbent

Unbent

SSEC

model

with Rgbent

and gmbent

fT (GHz) 140 160 145 160 145

fMAX (GHz) 255 300 275 280 260

FIG. 7. Comparison of Mason’s unilateral power gain Ug and current gain

jH21j2 measured in fabricated 100 nm-gate HEMT-FS with those obtained

from SSEC model: (a): for unbent condition, (b): for 12.5 mm bending radius.
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