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Abstract:	
Progress has been made in tunable infrared lasers and in novel epitaxial structures for next 
generation electronics. A novel tunable infrared laser based on a chirped grating distributed 
feedback structure and optical pumping has been demonstrated with an 80-nm tuning range at 

3.1 m and a linewidth of < 1nm. Novel nanowire geometries based on selective growth of 
heterogeneous materials on Si(001) substrates have been designed and initial demonstrations of 
growth have been undertaken.  

Introduction	
Significant progress has been made in two areas during the course of this work: 1) continuously 
tunable distributed feedback lasers based on chirped gratings, and 2) nanowire growth for next 
generation electronics. Details are presented below. 

Wide‐band	Continuously	Tunable	DFB	Lasers	
The mid-infrared 3- to 5-µm atmospheric transmission window is important for remote sensing 
and spectroscopic applications because it contains many fingerprint molecular rotation-

vibrational absorption lines, such as O-H stretch at 2.8 m; N–H stretch at ~3 µm, C–H stretch at 
~3.3 µm. Spectroscopic applications typically require a continuous wave (CW), single-
longitudinal-mode (SLM) and mode-hop-free, continuously tunable, narrow spectral linewidth, 
high-power laser source with good beam quality. In this work, involving a collaboration between 
UNM and AFRL, a unique implementation of tunable DFB laser for spectroscopic applications is 
introduced; this technique is broadly applicable independent of the wavelength range. The lasing 
material was grown at AFRL (Dr. R. Kaspi group); the chirped grating fabrication and 
characterization was carried out at UNM (Prof. S. R. J. Brueck group). 

Various laser wavelength tuning mechanisms have been demonstrated for semiconductor 
lasers, for different purposes and with different technical approaches. Approaches to wavelength 
tuning include thermal/operation temperature tuning [1], variable cavity length with 
cantilever/piezo actuator driven end-mirror in vertical cavity surface emitting lasers 
(MEMS/VCSEL) [2], quantum Stark effect [3-5]wavelength tuning by varying bias voltage in 
inter-band cascade semiconductor lasers (ICLs) and others. Of course, one important category of 
wavelength tuning techniques uses the dispersion property of a diffraction grating to select the 
lasing wavelength. Well-known forms of tunable semiconductor lasers in this category include 
external cavity lasers [6-10], grating coupled sampled-reflector (GCSR) lasers, sampled-grating 
DBR (SGDBR) lasers [11-14], super-structure grating (SSG) DFB lasers [15-18], and selectable 
DFB laser arrays [19-22]. External cavity lasers usually consist of a linear gain section and an 
external diffraction grating which pivots around an axis to select different lasing wavelengths. 
GCSR and SGDBR lasers are very similar in the sense that both tune their output wavelength 
using a Vernier effect. The monolithic laser cavities of both types of lasers usually have two or 
more sections patterned with sampled gratings of different periods which possess comb-like 
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reflection spectra (a series of discrete reflection peaks). The refractive indices of these sections 
are independently adjusted by varying the bias or current which shifts the gratings’ reflection 
combs. The output wavelength of the laser is the coincident wavelength corresponding to 
overlapped reflection comb teeth of different grating sections. A selectable DFB array is simply 
a group of individual DFB lasers with different grating periods for different lasing wavelengths 
fabricated on a single die, which are individually turned on and coupled out through a multi-
mode coupler. To have continuous wavelength coverage, the output wavelength of each 
individual DFB laser is usually tuned through operating temperature variation.  

 
All of these tunable lasers have their advantages and drawbacks for different applications. 

External cavity lasers are widely used both in research and industry for spectroscopic 
applications, especially with quantum cascade lasers (QCLs) thanks to their very wide 
continuous wavelength tunability and narrow spectral linewidth. The main issues with this type 
of laser are manufacturability and reliability given the requirements of precise alignment of 
moving micro parts as well as the challenging antireflection coating to cover a wide tuning range 
in the gain section. GCSR and SGDBR lasers are monolithic, rugged, and can be conveniently 
integrated with an amplifier to achieve relatively high output powers. Typically, their wavelength 
tuning is discontinuous, and the primary application is to wavelength division multiplexing 
(WDM) in telecommunication applications or optical integrated circuits. These lasers are less 
suitable for spectroscopic applications where continuous, monotonic tuning is desired. Selectable 
DFB arrays, combined with QCLs have been demonstrated for spectroscopic applications thanks 
to their very wide wavelength tuning range. Normally e-beam grating patterning in 
GCSR/SGDBR and selectable DFB array lasers makes fabrication complicated and yield low. 
Wavelength tuning  is also very complicated in both types of lasers because individual electronic 
circuitry is required for section bias/current control as well as operating temperature control. 

 
In pursuit of a spectroscopic/remote sensing solution that combines the continuous tuning of an 

external cavity laser with the ruggedness and compactness of a monolithic grating/semiconductor 
structure, we have designed a novel DFB laser with an addressable-period, location-dependent 
chirped-grating which can be precisely controlled and conveniently applied for wavelength 
tuning. In contrast to thermal tuning mechanisms, the tuning rate is limited only by the laser 
cavity dynamics. Previous work demonstrated a tunable DFB laser with a similar tuning 
mechanism [23, 24], but with insufficient feedback from the grating patterned on the device, the 
laser operated only with the pump stripe oriented normal to the laser facets, introducing Fabry-
Perot (F-P) feedback and associated mode-hops and discontinuous tuning. That laser achieved a 
quasi-continuous tuning range of 65 nm centered at 3.2 µm, with output wavelength hopping 
between different F-P modes and only operated at low pump power. Attempts to improve the 
DFB operation with a higher coupling strength were not successful; numerous mode hops were 
observed, although these were not associated with F-P effects and their origin was initially 
unclear. In this contribution, we show that these mode hops were due to the chirp along the 
lasing stripe (longitudinal chirp) inherent in the optical scheme we used to form the grating. In 
this paper, we demonstrate an improved optical configuration to pattern the chirped grating for 
wavelength tuning that leads to a reduced longitudinal chirp, and the fabricated laser device 
achieves stable, high-power DFB lasing as well as continuous tuning with successful F-P mode 
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suppression and an 80-nm wide wavelength tuning range centered at 3.1 m.  
 
Details of the fabrication and characterization of the device are given in appendix A, a 

manuscript that has been submitted for publication to the Journal of Quantum Electronics. 
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Deterministic	nanowire	fabrication	for	next	generation	electronics	
Electron transport in low dimensional structures is both of fundamental scientific interest and 
increasingly relevant to future advances in electronics. One-dimensional (1D) transport has been 
investigated with inherent 1D organic chains such as TTF-TCNQ,25,26 carbon nanotubes,27 
electron channels fabricated by dry etching or squeezed by a split gate in a FET,28 free-standing 
semiconductor NWs grown by laser ablation or vapor-liquid-solid (VLS) chemical reactions,29 
and metal quantum point contacts formed by connecting two metal electrodes in a scanning 
tunneling microscope.30 

Semiconductor nanowires (NWs) along with carbon nanotubes and graphene have been 
identified as important directions for future electronics as the limits to traditional scaling of Si 
integrated circuits become more imminent.31-,32,33 NW research is still at an early stage, most 
efforts are concentrated on NW fabrication and limited one-by-one assembly.9  

VLS growth has both a variation of nanowire sizes, as a result of the varying sizes of the metal 
seeds used to initiate the growth, and a random placement again as a result of the variation in 
seed positions.34 For most VLS nanowires, the growth is perpendicular to the substrate makes 
contacting and organizing the nanowires into circuits quite complex.35  

There is increasing interest in integrating InAs or related III-V nanowire materials as the 
conduction channel in future generations of electronics as a consequence of the high mobility of 
these materials as compared with silicon.36 Current ICs have upwards of several billion 
transistors with transverse dimensions today as small as 15 nm, and spaced by ~ 15- to 20-nm, so 
integration of III-V materials using any sort of post growth processing is problematic - the 
nanowires have to be grown in place. The lattice mismatch between Si and InAs precludes a 
simple epitaxial solution without a very thick buffer layer, which is not feasible within the 
current IC scaling paradigm.  

It is clear that lithographically defined positioning and control of the nanowire size would be a 
preferable approach. Previously, we have shown the growth of GaAs nanowires horizontally on a 
GaAs surface.37 This required a lattice-matched material system such as AlGaAs and was not 
applicable to technologically important systems such as InAs on Si. The process also required a 
sacrificial layer such as AlGaAs that could be oxidized after growth to isolate the nanowire from 
the substrate, introducing additional strain as a result of the oxidation.  

Many groups have reported the growth of InAs nanowires vertically from a Si(111) surface.38,39 
However, this has many of the same issues as the VLS growth in terms of making large numbers 
of 3-terminal transistor devices in a well defined circuit. The Si(111) surface is not suitable for 
electronic integration which is uniquely available on the Si(001) surface as a result of the 
properties of the SiO2/Si(001) interface. 
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In homo- and hetero-epitaxy on a (001)-oriented Si substrate, nanowires (NWs) grow in <111> 

directions that are 35.3-off from the substrate surface. This causes two major problems in their 
application to Si and III-V microelectronics; one is the random growth along eight available 
<111> directions on (001) and the other is the fabrication of contact on the NWs.  This invention 
resolves the first issue by employing a pillar or a post structure on (001) and locating the 
openings for NW nucleation at the side of the pillar (side hole opening) to induce  a single (111)-
orientation facet out of eight available <111> directions so that the opening and the resulting 
facet at the top of the pillar guide an NW to grow a predetermined single direction. Also, this 
invention provides a solution for the other issue by bending an NW toward a nearby step so that 
its upper part physically touches the step surface parallel to (001) for coplanar contacts and 
further processing.   

Figure 1 shows the process of forming the side hole opening. The process can be summarized as 
follows: 

Step 1 Fabricate a pillar on a Si(001) substrate [Fig. 1(a)]. 
Step 2 Passivate the surface with an SiO2 film by thermal oxidation [Fig. 1(b)]. 
Step 3 Cover the surface with a photoresist (PR) film with a thickness greater than the pillar 

height for planarization and isotropically etch the PR film from the top with an oxygen 
plasma to expose the upper part of the pillar [Fig. 1(c)]. 

Step 4 Cover the surface with double deposition of Cr film by e-beam evaporation [Fig. 1(d)]. To 
keep a Cr film-free area at one side of the pillar that is aligned to (110) plane of the Si 
substrate by the shadow mask effects from the pillar, the angle between the Cr-beam 

fluxes () in top-down view and their incident angle () in cross-sectional view of Fig. 

1(d) must be properly adjusted. In this process,  < 45 and  > 45 work for this 
purpose.  The Cr-free area bounded by the PR film and the Cr film corresponds to the 
area for a side hole opening. 

Step 5 Remove the SiO2 film exposed through the side hole opening by dry etching [Fig. 1(e)]. 
Step 6 Fabricate a single (111) facet by anisotropic wet etching based on KOH through the side 

hole opening [Fig. 1(f)]. 
Step 7 Remove the PR film and the Cr film [Fig. 1(g)].  
 
Figure 1(h) shows top-down view scanning electron microscopy (SEM) images of an SiO2-
passivated pillar with a side hole opening at the right side (top) that corresponds to the top of Fig. 
1(g) and an InAs NW grown from it (bottom).   

Typical NW epitaxy using VLS or a pattern with a mask film is achieved on a planar (111) plane 
in vertical direction. Such growth is realized on a (001) plane with an angle from the substrate by 

35.3. This is possible by fabricating a nanoscale (111) facet small enough for growth of a single 
NW into a Si(001) surface by the process explained in Fig. 1. In Fig. 2, a pillar structure shown 
in Fig. 1(g) is illustrated with a nearby Si step. In this invention, as mentioned earlier, an opening 
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in the SiO2 film is fabricated at the side of the pillar and the (111) facet prepared at the top 
guides the growth of NW in a single direction. As shown Figs. 1(h) and 3, an NW array grows 

vertically from the (111) facet resulting in 35.3-tilt from the Si(001) substrate. After growth, the 
NW in Fig. 2 (or each NW in Fig. 3) is elastically bent toward the nearby step to make it parallel 
to Si(001) and to physically contact the step surface. Figures 4 and 5 show some examples of 
InAs NW bending. These bends were mechanically performed by a metallic needle for the 
demonstration of elastic bending of InAs NWs grown on Si(001) substrate. The length and 

diameter of the NW in these figures are ~4 m and ~100 nm, respectively. Basically, NW 
bending is available by electric force and surface tension or cohesive force of a liquid, as 
reported. Figure 6 shows such examples. Importantly, Figure 5 reveals the elastic bending of 

InAs NWs with the bending angle up to ~50 that is enough for the process in Fig. 2.  

After bending with a physical contact to the step surface, an NW can be freed from the root (or 
from a Si pillar) by cutting the lower part which contains a lot of defects. The process of this 
invention therefore can grow and locate many NWs at lithographically determined positions on a 
Si(001) surface. Once the bending is completed, the standard process for planar devices can be 
applied to the NW. This invention is highly favorable for large lattice-mismatched NW 
heteroepitaxy on (001) since the small physical contact area of the NW to the substrate induces a 
minimal stress. 
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Fig. 1 (a) – (g) A schematic process flow of the side hole opening for InAs NW selective epitaxy. The 
top and bottom of each figure correspond to a top-down  and a cross-sectional view. (h) top-down 
SEM images of a pillar corresponding to the top-down view of (g) (top) and an InAs NW grown from 
the side hole opening (bottom).
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Fig. 2 A schematic illustration of selective growth of an NW on a Si(001) substrate with 
a pillar structure passivated by SiO2 film, as shown in Fig. 1(g). A dashed  and a solid 
blue NW correspond to an NW before and after bending, respectively. 

Fig. 3 An SEM image of an array of InAs NWs grown on a Si(001) substrate with the 
procedure for Fig. 1. Most of them are aligned to a single direction. All NWs are as-
grown without bending, corresponding to the dashed NW in Fig. 1. The period of and 
length of the NWs are 500 nm and ~800 nm, respectively. 

Bending by 35.3
Nanowire

Si(001) substrate
Si pillar

Si step

SiO2 mask 
film (111)

Side 
opening on 
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Fig. 4 A minor bending of an InAs NW by a metallic needle. A dashed line denotes the 
original position of the NW before bending. 

Fig. 5 A major bending of an InAs NW by a metallic needle (left) and its restoration 
from bending (right). A dashed line in the left denotes the position of the NW after 
restoration which is exactly the same location as that before bending, implying elastic 
recovery. 

Bending angle 
~50

Bended NW

Bended NW

~4 m
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Planar	gate‐all‐around	complementary	 tunnel	 field	effect	 transistors	by	dual	
nanowires	epitaxially	grown	on	Si(001)	
For last several years, fin-based field effect transistors (FinFETs) have been focused on for low 
power supply voltage, Vdd, and subthreshold swing (SS) approaching 60 mV/dec, the theoretical 
limit on MOSFET (metal-oxide-semiconductor field effect transistor). Recently, Intel has 
reported Si FinFET with 10nm node technology and, as seen in Fig. 7, IBM and its collaborators 
have announced commercial 7 nm node FinFETs with SiGe 
as a channel material. However, this fabrication inherently 
retains a MOSFET structure in charge transport mechanism 
that limits its device- to system-level application for the next 
generation transistor requiring further reduction of Vdd and SS 
below 60 mV/dec. To resolve this issue, tunnel field effect 
transistors (TFETs) are emerging as potential replacements 
for Si CMOS transistors in device- and circuit-level 
architectures.[40] TFET relies on band-to-band tunneling 
(BTBT) that is totally different from MOSFET in charge 
transport. It has well-known major advantages that can 
outperform MOSFET; sharper SS at low Vdd, better saturation 
behavior at high source-to-drain bias, Vds, and smaller Miller 
capacitance.[40] They lead to lower switching energy, better 

circuit gain, and less delay time in digital logic. Owing to these characteristics, TFET can be 8 
faster than MOSFET at Vdd ~ 0.35 V that can impact the latest CMOS technology mentioned 
earlier. Another simulation in Fig. 8 also suggests that it can remarkably reduce power 
consumption and delay in digital circuits such as flip-flop compared with Si FinFET.41 Bandgap 
engineering of heterojunction TFET has demonstrated better performance in analog as well as 
digital circuits with higher on-state current, Ion. The most recent comparison of a 16-nm low-
power Si FinFET CMOS with reported TFETs in both experiment and simulation are 
summarized in a recent review article.42 Although several TFETs with different materials and 
fabrication technologies have been reported, most of them are incompatible with future Si 
nanoelectronics as a result of degraded material qualities, complicated processing, and/or a 
substrate orientation incompatible with Si(001).  

Fig. 7 Bulk 7nm SiGe FinFET 
with a 30nm pitch  (https://www-
03.ibm.com/press/us/en/pressrelea
se/47301.wss) 
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In principle, complementary (C-
) TFET devices can be achieved 
with an identical material by 
controlling either electrons or 
holes to tunnel at the reverse 
biased p-n junction or p-i-n 
structure with gate bias 
polarity.43 A few research 
groups have reported top-down 
processed, single material C-
TFET.44,45 Because of different 
effective masses and mobility 
depending on carrier type, however, the highest performances for both p- and n-TFET from the 
same material that can outperform Si CMOS has yet to be achieved. Except for 2-dimensional 
materials such as graphene and transition-metal dichalcogenides such as MoS2, which need 
further study for industrial applications, InxGa1-xAs and GeySn1-y have been proposed for n- and 
p-TFET respectively with the best performances demonstrated to date particularly in Ion at low 
Vdd, the most critical issue on TFET.46,47 They satisfy small direct bandgap and carrier effective 
mass for high tunneling probability and low resistance channel to increase Ion, which are the 
primary conditions of complementary (C-) TFET to compete with Si CMOS.42 However, they 
were grown separately on InP and Ge substrates, respectively. For the direct compatibility with 
the established Si technology, they must be accommodated into a single substrate especially a 
(001)-oriented Si substrate that is the main stream of  semiconductor industry in substrate 
material and orientation.   

The TFETs referred above had a conventional FET structure and were fabricated with standard 
FET processes. Structurally, nanowires (NWs) enabling gate-all-around (GAA) channel control 
are the best candidate for the next generation transistor. Theoretically, GAA can completely shut 
off the channel current of an NW, crucial to TFET that requires high Ion/Ioff ratio at low Vdd. This 
work introduces CTFETs implemented with tandem axial p-i-n NWs with different materials 
individually optimized for the n- and the p-TFET that are epitaxially grown on a single Si(001) 
substrate by nanoscale patterned growth (NPG) assisted by vapor-liquid-solid (VLS) method.48 
To our knowledge, any NW TFETs epitaxially grown on Si(001) have not been reported yet. In 
this work, InxGa1-xAs and GexSn1-x which can be deployed to heterojunction devices for higher 
Ion with a smaller bandgap source or a larger bandgap drain are suggested for n- and p-TFET 
respectively, as a prototype C-TFET consisting of group III-V and group IV NWs. NPG for this 
dual material NW epitaxy is achieved on a non-planar Si(001) substrate that is ideally fabricated 
for the C-TFET by preferential VLS method. Dual material NW epitaxy on a single substrate is 
guided by two different metal catalysts spatially separated from each other with a nanoscale 2-
dimensional (2D) alignment on the substrate surface that induce preferential VLS reaction of 
individual materials depending on metal species and growth temperatures. 

Fig. 8 (a) Average power consumption and (b) delay of C2MOS and 
double transmission gates (TGs) flip-flops at 0.3-0.7 V [2] 
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Basically, NPG relieves the lattice mismatch between NW and substrate, and effectively 
suppress misfit dislocations and their propagation. This allows more degrees of freedom in the 
material selection of NWs on Si which enhances the feasibility of NW C-TFET. We 
demonstrated NPG of III-V NWs on a GaAs(001) and a Si(111) substrate ten years ago.49,50 
Since then, there have been substantial efforts to utilize them for the integration into Si 
microelectronics. But  a couple of critical issues we noticed in our research, (111)-oriented 
substrate for vertical NWs and their polytypism on this orientation, had persistently hindered its 
progress. Recently, the latter has been resolved by the variation of growth parameters and NPG 
of stacking fault-free zincblende GaAs NWs and pure wurzite InGaAs NWs on (111)-oriented 
substrate have been reported.51,52 However, they were still on (111) substrates. In this work, we 
propose a simple but decisive solution for the 
former issue with physical NW bending that 
enables the epitaxial growth of NWs on (001)-
orientated substrate and the planar device process 
for C-TFET with dual NWs by preferential VLS 
method. This ideally provides seamless 
compatibility with current Si microelectronics and 
can potentially outperform the latest Si CMOS. 

NWs have been examined in various ways. 
Among them, epitaxial growth is superior than 
any other techniques for defectless single 
crystalline structure, well-defined crystal shape by 
faceting, reduced surface states and roughness, 
abrupt heterojunction and doping profile, and 
direct growth on a substrate. These advantages are 
very important  to the issues of TFET mentioned 
earlier such as further reduction of Ioff  by the 
absence of channel thickness variation, sub-60 
mV/dec room-temperature SS unscreened by trap-
assisted tunneling, and suppression of ambipolar 
characteristics for high Ion.   

The C-TFET of this work is based on two 
innovative ideas, one is epitaxy of dual NWs on a 
single Si(001) substrate by preferential VLS 
method and the other is  physical NW bending.  
They are illustrated in Fig. 9. Preferential VLS 
method proceeds with two different metal 
catalysts that are individually optimized for NW 
materials. It applies to a non-planar Si(001) 

Fig. 9. Schematic illustration of preferential VLS 
method and physical bending with two different 
metal catalysts, M1 and M2 for sequential epitaxy 
of NW1 and NW2. (a) Cross sectional view. The 
process flows from top to bottom. (b) Top-down 
view of the bottom of (a) that reveals the paired 
NWs for CTFET (NW1 and NW2 in a yellow 

box). 
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substrate that provides a array of one-dimensional groove pattern consisting of (111)- and (001)-
type facets on the surface, followed by off-axis double deposition of metal films leaving metal 
films separately aligned on facing (111)-type facets in each groove, as shown at the top of Fig. 
9(a). Individual metal films are turned into droplets for VLS by thermal treatment. Using 
different precursors arranged for sequential growth, InxGa1-xAs and GeySn1-y NWs (NW1 and 
NW2 in Fig. 9) are grown on (111) facets fabricated on a Si(001) substrate with these metal 
droplets as VLS catalyst. Based on the database of liquid-solid phase diagram, Au and Sn (M1 
and M2 in Fig. 9) are assumed as metal catalysts for InxGa1-xAs and GeySn1-y respectively. 

Typical growth temperature of  InxGa1-xAs with Au catalyst is ~500C while that for GeySn1-y 
with Sn speculated from the liquid-solid phase diagram of Ge-Sn alloy and the reported data for 

its epitaxy would be ~160C. Since both Ga-Sn and In-Sn alloys are in liquid state around 500C 
regardless of their composition that is far above their eutectic points, no VLS growth happens at 
the site of Sn droplet and the epitaxy of InxGa1-xAs proceeds mainly at the site of Au when the 

precursors for this NW are supplied to a reactor. On the other hand, 160C is lower than the 
eutectic points of Ge-Au and Sn-Au alloys. It implies they would be in solid state for all 
composition during the subsequent growth of GeySn1-y by the precursors for Sn as well as Ge, 
and Au doesn't play a significant role of a catalyst for it. This assumes the absence of vapor-
solid-solid (VSS) process and insignificant vaporization of Sn during growth of InxGa1-xAs at 

~500C. If the vaporization is noticeable, additional amount of Sn to compensate it can be 
considered in its deposition before epitaxy. In the phase diagram, GeySn1-y only with y very close 
to 1 would be available as a solid alloy in this VLS and the precursor for Sn may need for 
smaller y ~0.92 to achieve direct bandgap required for high tunneling probability in TFET. This 
is the basic principle of preferential VLS method for dual NWs on a single substrate.  

The metal catalysts proposed here are based on the phase diagrams of individual catalyst metal-
NW material mixtures. There could be other optimal combinations with the given materials for 
NW growth along with the consideration of the vapor pressure of metal catalysts. This is one of 
the major research topics in this work.  The sequential NW epitaxy ordered by decreasing growth 
temperature would be desirable to avoid the sublimation of the first-grown NWs in the growth of 
the second NWs. If their preferentiality of VLS depending on metal catalyst is sufficiently 
pronounced at the same growth temperature, the sequential growth in Figs. 9(a) can be replaced 
by a simultaneous single epitaxy. Eventually, different metal catalysts for dual material NW 
epitaxy on a single substrate by preferential VLS method is highly advantageous in case where 
the location of two NWs must be spatially separated from each other for their different 
physical/chemical properties and device processing/performance. 

After completing dual NW by epitaxy, physical bending is applied to lay them on a nearby 
Si(001) facet passivated with an SiO2 film, as shown at the bottom of Fig. 9(a). This is another 
important idea of this work. Nanoimprinting can be employed for this purpose. The maximum 

bending angle at any spot along the NWs does not exceed 35.7, as indicated in Fig. 9(a). NW 
bending has been investigated for the physics related to the elastic properties and its application 
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to flexible substrates.53-55 Several reports have demonstrated the physical bending of NWs before 
fracture that is sufficient for this work. By this bending, the NWs can be treated as in-plane NWs 
on Si(001).  

In this work, therefore, two different NWs are epitaxially grown on (111) facets in the opposite 
directions in a single groove fabricated on a Si(001) substrate by VLS method, and undergo 
physical bending for a planar device process that leads to horizontally disposed NWs on a 
Si(001) surface directly compatible with conventional CMOS technology. In other words, NW1 
and NW2 in Fig. 3 grow on a Si(001) substrate along <111> but are forced to lie on the substrate 
for planar device processing by postgrowth bending. The <111> direction is the optimal 
direction for NW fabrication, but is not CMOS compatible. The bending process provides a 
simple technique both to grow the nanowires along <111> and to fabricate transistors in a planar 
process on a Si(001) substrate. This process combines the advantages of thickness control and 
doping profile available to vertical NWs on (111) but also enables the application of established 
planar CMOS processing on (001) by physical bending.  

The sequential growth of NWs relies on their different reaction (or growth) rates at given metal 
catalysts. Cross wetting between them would be another issue on it. If the growth rate difference 
is not significant, certain growth of NW1 at the site of M2 would be inevitable during growth of 
NW1 at the site of M1 and vice versa in Fig. 9. But this does not disturb the practical device 
structures in individual NWs seriously since the former (NW1 grown at the site of M2 before 
growth of NW2) would be located at the root of NW2 and the latter (NW2 grown at the site of 
M1 after growth of NW1) is near the tip of NW1, which could be easily excluded from the actual 
device region during device processes after bending. This insensitivity provides additional 
degrees of freedom in choosing metal catalysts. The top-down view illustration at the bottom of 
Fig. 9(b) reveals a 2D array of  
paired NWs. In this figure, a pair 
of NWs oppositely grown from 
(111) facets form a 
semiconductor-on-insulator 
(SOI) structure on an SiO2 film 
of a Si(001) substrate. 

Figure 10 is a GAA C-TFET 
inverter, as an example of a logic 
circuit, fabricated with two 
adjacent NW TFETs in the 
yellow box indicated at Fig. 3(b) 
with drain underlap. The 
dimension of NWs for C-TFET 
targeted at the early stage of this 

work would be sub-m in length 

  

Fig. 10 An inverter designed with a pair of drain-underlap NW 
TFETs in a yellow box in Fig. 3(b) with top-down view (left) and 
cross-sectional view along the white dotted line on the left (right). 
The two bold dashed rectangles with arrows on the left mean the root 
sections of NWs purposely removed for their electrical/mechanical 
isolation from the substrate after bending. 
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and less than 30 nm in diameter. At this dimension and the range below it we pursue later, VLS 
allows a non-tapered, tandem axially doped NW with a well-defined single (111) facet at the 
NW/metal droplet interface at the end during epitaxy that is perpendicular to the NW growth 
direction.  The (111) facet is crucially important to provide an abrupt doping profile across a ~10 
nm-thick, undoped i-region between p+ and n+ regions for source and drain. Doping must be 
individually controlled so that BTBT is available from one heavily doped region to the other 
through the i-region controlled by the gate voltage in each NW. The strain induced by the 
bending is strongest over the grooves but can be reduced or eliminated by etching out the root 
section of the NWs indicated with dashed lines in Fig. 4, after bending.  

Generally, processing temperatures of Si and III-V considerably different from each other have 
been regarded as another difficulty in their integration on a single substrate. The Ge-Sn alloy 
employed in this work can be processed at the temperatures not very different from those of 
InGaAs ternary alloy. Furthermore, high K dielectrics developed for Si and III-V can be directly 
applicable to the NWs of this work. These enhance the feasibility of group IV and III-V NW C-
TFET on a single Si substrate. If the NWs require different temperatures for gate dielectric and 
ohmic metal, a sequential process for them ordered by the decreasing process temperatures (i.e., 
photography for selective deposition of the gate oxide and ohmic metal, and the annealing for 
NW2 first and those for NW1 later if NW2 requires higher annealing temperature than NW1 for 
ohmic contact, to reduce the thermal budget on the ohmic metal of NW1) would be available in 
planar processing. 

Scientific and Technological Impact  

Semiconductor NWs form a new frontier that can provide the ultimate solution for future 
semiconductor nanoelectronics. The goal of this work is to achieve dual material GAA NW C-
TFET operating at Vdd under 0.5V with SS of sub-60 mV/dec and Ion competing with Si FinFET 
on a Si(001) substrate. There are, however, a lot of issues that must be investigated for this 
practical applications. Dual NW epitaxy suggested in this work that relies on preferential VLS 
method has strong potential for multiple hetero-integrations into Si microelectronics. It requires 
intensive study for the most optimal pairing of catalysts and NW materials. Sn-alloyed group IV 
materials employed in this work is highly promising in optoelectronics as well as TFET but have 
been rarely investigated particularly with Sn as a metal catalyst.56 Also, axial heterostructured 
NWs with in-situ doping are extremely critical to the heterojunction devices but still at the initial 
stage in epitaxy. Control of axial and radial growth in VLS process is another important issue. 
Basically, VLS method and other processes related to it such as VSS or oxide-assisted VLS are 
not completely understood yet. The electronic band structure and carrier effective mass of NWs 
must be affected by their nanoscale dimensions and strain associated with it. The physical NW 
bending proposed in this work is simple and evident in process but also a significant factor to 
these physical properties. This work will impact these fundamental issues with scientific and 
technological approaches. Furthermore, NW C-TFET in Fig. 10 resolves several problematic 
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issues on current CMOS technology and also proposes a new frontline of scientific research as 
follows:  

1. This is planar on Si(001) and therefore directly accommodated into mature CMOS technology 
with negligible current leakage by GAA on SOI with more than 1010 devices/cm2 integration.  

2. C-TFET can be ideally designed with two different NWs individually for p- and n-TFET 
implemented on a single Si(001) substrate, providing an significantly improved performance 
for both complementary devices that can compete with conventional Si-CMOS.  

3. C-TFETs in this work are free from the degradation by the lattice mismatch to Si since the 
actual NW part used for device is far away from the NW/Si interface. By removing the root  
region of each NW after bending, the device is completely isolated from the substrate.  

4. The i-region under the gate is epitaxially grown with a precise thickness control along <111> 
before bending, like a vertical NW. Such structural advantage provides highly predictable 
device characteristics with well-defined doping profiles. By sequential VLS growth, the doping 
level of each NW can be individually controlled to optimize the device characteristics for 
different applications.  

5. This approach dramatically simplifies the GAA process that is extremely complicated in 
vertical NW FETs especially for C-TFET and also the metallization as a single-level process. 
Also, it removes any issues related to top-down process for NW TFETs such as surface and 
interface  defects and electronic traps. 

Finally, these binary alloy homojunction TFETs can be easily extended to heterostructure or 
quantum well TFETs such as InxGa1-xAs/ InAs and GexSn1-x/Ge for better device performance. 
Also, III-V, II-VI, and other group IV materials are available for heterostructured NWs for not 
only improved tunneling characteristics of TFET but also other electronic and optoelectronic 
NW devices. Ultimately, it radically improves process reliability and production yield as well as 
device characteristics, and must be a strong candidate to replace Si CMOS for next generation 
semiconductor nanoelectronics.  
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Abstract—An 80 nm continuous, mode-hop-free, wavelength 

tuning range centered at 3.1 m has been demonstrated for a 
large area, optically pumped mid-infrared type-II semiconductor 
distributed feedback (DFB) laser with a spectral linewidth of 1.2 
nm at 2.5×threshold and 820 mW single-facet output power, suit-
able for atmospheric pressure molecular spectroscopy and re-
mote sensing. Wavelength tuning of this DFB laser is achieved by 
translating the optical pump stripe across the device patterned 
with a hyperbolically-chirped, location-dependent-period grating. 
The impact of chirp along the gain stripe is clarified and opti-
mized to allow continuous tuning. 
 

Index Terms— Chirped grating, Distributed feedback laser, 
Infrared tunable semiconductor laser, Molecular spectroscopy, 
Remote sensing.  

I. INTRODUCTION 

HE MID-INFRARED 3- to 5-µm atmospheric transmis-
sion window is important for remote sensing and spectro-
scopic applications because it contains many fingerprint 

molecular rotation-vibrational absorption lines, such as O-H 
stretch at 2.8 m; N–H stretch at ~3 µm, C–H stretch at ~3.3 
µm. Spectroscopic applications typically require a continuous 
wave (CW), single-longitudinal-mode (SLM) and mode-hop-
free, continuously tunable, narrow spectral linewidth, high-
power laser source with good beam quality. In this paper, a 
unique implementation of tunable DFB laser for spectroscopic 
applications is introduced; this technique is broadly applicable 
independent of the wavelength range.  
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Various laser wavelength tuning mechanisms have been 
demonstrated for semiconductor lasers, for different purposes 
and with different technical approaches. Approaches to wave-
length tuning include thermal/operation temperature tuning 
[1], variable cavity length with cantilever/piezo actuator driv-
en end-mirror in vertical cavity surface emitting lasers 
(MEMS/VCSEL) [2], quantum Stark effect [3-5]wavelength 
tuning by varying bias voltage in inter-band cascade semicon-
ductor lasers (ICLs) and others. Of course, one important cat-
egory of wavelength tuning techniques uses the dispersion 
property of a diffraction grating to select the lasing wave-
length. Well-known forms of tunable semiconductor lasers in 
this category include external cavity lasers [6-10], grating 
coupled sampled-reflector (GCSR) lasers, sampled-grating 
DBR (SGDBR) lasers [11-14], super-structure grating (SSG) 
DFB lasers [15-18], and selectable DFB laser arrays [19-22]. 
External cavity lasers usually consist of a linear gain section 
and an external diffraction grating which pivots around an axis 
to select different lasing wavelengths. GCSR and SGDBR 
lasers are very similar in the sense that both tune their output 
wavelength using a Vernier effect. The monolithic laser cavi-
ties of both types of lasers usually have two or more sections 
patterned with sampled gratings of different periods which 
possess comb-like reflection spectra (a series of discrete re-
flection peaks). The refractive indices of these sections are 
independently adjusted by varying the bias or current which 
shifts the gratings’ reflection combs. The output wavelength of 
the laser is the coincident wavelength corresponding to over-
lapped reflection comb teeth of different grating sections. A 
selectable DFB array is simply a group of individual DFB 
lasers with different grating periods for different lasing wave-
lengths fabricated on a single die, which are individually 
turned on and coupled out through a multi-mode coupler. To 
have continuous wavelength coverage, the output wavelength 
of each individual DFB laser is usually tuned through operat-
ing temperature variation.  

All of these tunable lasers have their advantages and draw-
backs for different applications. External cavity lasers are 
widely used both in research and industry for spectroscopic 
applications, especially with quantum cascade lasers (QCLs) 
thanks to their very wide continuous wavelength tunability 
and narrow spectral linewidth. The main issues with this type 
of laser are manufacturability and reliability given the re-
quirements of precise alignment of moving micro parts as well 
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as the challenging antireflection coating to cover a wide tuning 
range in the gain section. GCSR and SGDBR lasers are mono-
lithic, rugged, and can be conveniently integrated with an am-
plifier to achieve relatively high output powers. Typically, 
their wavelength tuning is discontinuous, and the primary ap-
plication is to wavelength division multiplexing (WDM) in 
telecommunication applications or optical integrated circuits. 
These lasers are less suitable for spectroscopic applications 
where continuous, monotonic tuning is desired. Selectable 
DFB arrays, combined with QCLs have been demonstrated for 
spectroscopic applications thanks to their very wide wave-
length tuning range. Normally e-beam grating patterning in 
GCSR/SGDBR and selectable DFB array lasers makes fabri-
cation complicated and yield low. Wavelength tuning  is also 
very complicated in both types of lasers because individual 
electronic circuitry is required for section bias/current control 
as well as operating temperature control. 

In pursuit of a spectroscopic/remote sensing solution that 
combines the continuous tuning of an external cavity laser 
with the ruggedness and compactness of a monolithic grat-
ing/semiconductor structure, we have designed a novel DFB 
laser with an addressable-period, location-dependent chirped-
grating which can be precisely controlled and conveniently 
applied for wavelength tuning. In contrast to thermal tuning 
mechanisms, the tuning rate is limited only by the laser cavity 
dynamics. Previous work demonstrated a tunable DFB laser 
with a similar tuning mechanism [23, 24], but with insufficient 
feedback from the grating patterned on the device, the laser 
operated only with the pump stripe oriented normal to the la-
ser facets, introducing Fabry-Perot (F-P) feedback and associ-
ated mode-hops and discontinuous tuning. That laser achieved 
a quasi-continuous tuning range of 65 nm centered at 3.2 µm, 
with output wavelength hopping between different F-P modes 
and only operated at low pump power. Attempts to improve 
the DFB operation with a higher coupling strength were not 
successful; numerous mode hops were observed, although 
these were not associated with F-P effects and their origin was 
initially unclear. In this contribution, we show that these mode 
hops were due to the chirp along the lasing stripe (longitudinal 
chirp) inherent in the optical scheme we used to form the grat-
ing. In this paper, we demonstrate an improved optical config-
uration to pattern the chirped grating for wavelength tuning 
that leads to a reduced longitudinal chirp, and the fabricated 
laser device achieves stable, high-power DFB lasing as well as 
continuous tuning with successful F-P mode suppression and 
an 80-nm wide wavelength tuning range centered at 3.1 m.  

II. DEVICE DESIGN AND FABRICATION 

A. Epitaxial structure 

The epitaxial structure of this tunable DFB laser device 
consists of a three-layer slab waveguide grown on a GaSb:Te 
substrate which also functions as the waveguide bottom clad-
ding. On top of the substrate, a 1.5 µm thick core layer was 
grown containing 14 sets of evenly spaced type-II 
InAs/InGaSb/InAs quantum wells (QW) as the gain medium 
sandwiched between 100 nm thick integrated absorber layers 

optimized to fully absorb the thulium fiber pump laser power 
at 1.9 µm, offering efficient carrier confinement. Atop the core 
layer, a 1.5 m thick layer of GaSb was grown as the top 
cladding. The refractive indices of bottom/top clad and the 
core layers of this slab are about 3.82 and 3.842, respectively. 
This is a low index contrast configuration designed for trans-
verse beam quality. The epi-structure of the slab waveguide is 
shown in Fig 1.  

For the given refractive indices and thicknesses of epitaxial 
layers in the slab waveguide, three major constraints need to 
be taken into account in the design of the grating for maxi-
mum coupling coefficient, assuming square-wave grating teeth 
and 50% duty cycle as shown in Fig. 1. First, the Bragg wave-
length corresponding to the grating period needs to align with 
the gain spectral peak, centered at 3.06 µm at ~80 K for max-
imum material gain. Second, the top clad thickness and grating 
depth (combined to determine the mode confinement factor) 
need to be chosen to provide sufficient mode confinement ( 

~ 0.3) in the epitaxial direction to have practical modal gain. 
Third, with consideration of the modal gain calculated in the 
second constraint, a grating depth needs to be determined to 
produce an appropriate coupling strength (1  L  3) for a L 
= 2.5 mm device cavity length. L is given by:  
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where neff,R and neff,G are the effective indices of the slab wave-
guide with a top cladding thickness at the ridge and groove, 
respectively, neff is the magnitude of the difference between 
the two modal indices, effn is the average modal index, and  

is the grating period. 
After considering the trade-off between the mode confine-

ment factor and coupling coefficient, we chose to etch the 
grating 500 nm deep without thinning the 1.5 µm top clad 
layer, with the grating period chirped from 410- to 420-nm 
over a 4 mm long, 2.5 mm wide laser chip length. These val-
ues were calculated based on a straight grating, but are appli-
cable for the estimation of hyperbolically chirped grating case. 

 
Fig. 1. Schematic of the device structure. 
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In determining the grating dimensional parameters as well as 
coupling strength and laser mode confinement, an effective 
index approach was used. The effective refractive indices of 
the guided mode at the grating ridge and groove were calcu-
lated using a 4-layer slab waveguide model with a top clad 
thickness corresponding to the top clad thickness at the grating 
ridge (R) and groove (G) segments, respectively. The effective 
refractive indices as functions of different possible combina-
tions of top clad thicknesses and grating depths were consid-
ered to find the optimal grating dimensional parameters.  Ge-
ometry of this 4 layer slab waveguide is shown in Fig. 2. As 
an example, the electric field distribution of the TE fundamen-
tal mode (the only TE guided mode) in the slab waveguide 
with both the 1 m grove cladding thickness (G, black) and 
the 1.5 mm ridge cladding thickness (R, red). The mode con-
finement factor,  the mode overlap with the gain region, for 
our device is ~0.44 and the coupling strength L is ~2.1 for 
our 2.5 mm long cavity. 

B. Chirped Grating Fabrication 

A hyperbolically chirped, location-dependent-period grating 
for wavelength tuning, a key feature of our DFB laser device, 
was patterned using interferometric lithography (IL) in photo-
resist (PR) and then transferred into the top clad of the slab 
waveguide for wavelength selection and tuning using Cl-based 
inductively-coupled plasma etching. This hyperbolically 
chirped grating was generated by interference between two 
spherical wave fronts, using a 355 nm 3rd harmonic Nd:YAG 
laser as the coherent light source. As shown in Fig. 3(a), the IL 
experimental setup for the hyperbolically chirped grating is a 
Lloyd's mirror with an additional plano-convex lens (facing 
the -Z direction with its back/flat surface in X-Y plane, and 
lens optical axis co-linear with Z axis) mounted perpendicular 
to the mirror (in X-Z plane). This lens converts the incident 
collimated wave into spherical waves before interference. For 
clarity, two separate beams as shown, experimentally only a 
single large beam was used.  

This IL approach to generating a chirped grating with inter-
fering spherical waves inherently generates hyperbolic chirps 
in the grating, characterized by both an approximately linear 
lateral chirp (along X' parallel to the grating lines) and a quad-
ratic longitudinal chirp (along Y' perpendicular to the grating 
lines). An important parameter of the grating structure is the 
ratio of the lateral chirp to the longitudinal chirp. The laser 
will be optically pumped in a stripe geometry with the long 
axis of the stripe along the Y'-direction (Fig. 3(b)). The chirp 
along X' provides the tuning mechanism as the pump stripe is 
translated; the longitudinal chirp along Y' restricts the active 
length of the device for a severe enough chirp and can lead to 
mode-hopping during tuning as discussed below. There are 
three parameters that describe the impact of the chirp on the 
tuning of the laser. The first is the lateral chirp lateral (the 
chirp along the tuning direction that provides the wavelength 
tuning; this should be as large as possible). The second is the 
longitudinal chirp longitudinal in the pump strip direction, and 
the third is the FWHM of the unchirped DFB stop band. These 
three parameters give rise to two Figures of Merit (FOM) as 
shown in Eq. (2).  
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where  is the pitch variation in the specified direction 
across the full chip area and the bandwidth of the DFB is pro-
portional to   effGeffReff nnn ,,  . Note that FOM1 is over the 

full area of the chip and relates the tuning range to the chirp 
along a stripe, while FOM2 is for an individual pump stripe 
and varies as the stripe is shifted in the tuning direction. 

 
Fig. 2.  Calculated mode profiles and effective indices for the groove (black, 
solid) and the ridge (red, dashed). The gain region between 0 and 1.5 m is 
indicated. 
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Fig. 3.  (a) Interferometric lithography (IL) experimental arrangement for 
hyperbolically chirped grating pattern. A lens is added to a conventional 
Lloyd's mirror arrangement to produce the chirped grating. The sample is 
titled () relative to the optical axis to control the longitudinal chirp along 
the grating. (b) Sample detail showing the tilt () of the grating pattern 
relative to the cleaved edges of the sample. 
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FOM1 is more relevant the overall tuning range of the device, 
FOM2 to the mode jump behavior and to the effective length 
of the device that contributes to the lasing. 

The optimization goal is to maximize FOM1 while keeping 
FOM2 > 1. If the die is tilted relative to the back surface of the 
lens with an angle  as labeled in Fig. 3(a), a lower longitudinal 
value can be obtained than for a die orientation normal to the 
optical axes. Previous devices were fabricated with the die 
normal configuration, FOM2 values for the previous devices 
were approximately 10× lower than the value for a device fab-
ricated with a tilt angle  of 45°. The improved FOM2 for the 
newer  = 45° configuration allowed the large mode-hop free 
tuning range reported in this paper.  

For this report two devices were fabricated, one with  = 0° 
and a 75 cm focal length lens (low FOM2) and one with  = 
45° and a 37.5 cm focal length lens (high FOM2). For both 
samples the other IL parameters were:  ~ 21°,  = 6° and the 
10×10 cm2 laser sample was located 2 mm behind the lens 
with the center of its bottom edge intersecting the optical axis. 
Details of the grating fabrication and FOM characterization 
based on the optical configuration will be presented elsewhere 
[25]. For high chirp sample the chirp along the lasing stripe 
was 0.09% (FOM1 ~ 12; FOM2 ~ 0.27) while for the low chirp 
sample the chirp along the lasing stripe was only 0.007% with 
a 2× longer tuning range (FOM1 ~ 393; FOM2 ~ 3.4). 

The  grating pattern and calculated tuning curves for the 
low chirp device are shown in Fig. 4. As shown in the figure, a 
2.5 mm (Y') × 4 mm (X') final device area was cleaved from 
the full sample for characterization. 

III. DFB LASER CHARACTERIZATION 

A. Optical pump geometry 

All of the characterizations of these devices, including the 
output power, spectral linewidth, and wavelength tuning, were 
measured for a temperature of ~ 80 K in a liquid nitrogen 
Dewar with optical access for both the pump beam and the 
output lasing. A thulium fiber pump laser with a CW, 20 W 
output power at 1.908 µm was used. A collimated pump beam 
with a diameter of ~5 mm was the excitation source. To ensure 
uniform pumping across the 2.5 mm wide device, the beam 
was focused with a cylindrical lens to a pump stripe roughly 
70- to 100-µm wide at the device and projected perpendicular-
ly onto the grating-up side of the DFB laser device mounted 
on the cold finger of the LN2 Dewar. The pump stripe needs 
to be translated to different locations on the device to select 
different lasing wavelengths. In practice, the pump beam and 
device emission collection optics were kept fixed and the LN2 
Dewar mounted on a gear-reduced step motor driven transla-
tion stage was shifted up or down to vary the pump stripe po-
sition on the device. All characterizations were conducted with 
pump stripe perpendicular to the grating orientation, referred 
to as grating normal configuration (GNC). Because the grating 
orientation is titled 6 relative to the device facets as men-
tioned, F-P modes due to facet feedback are successfully sup-
pressed. Also because the pump stripe is tilted relative to the 
device facets, the output beam angle of our DFB laser device 
is increased to ~ 23 to the facet by refraction at the semicon-
ductor-air boundary, as shown in the inset of Fig 5(a).  

B. Wavelength tuning 

For device wavelength tuning characterization, the pump 
stripe position was translated laterally across the whole device 
width of 4 mm and the spectrum at each pump stripe position 
was acquired with a monochromator and an InSb photo detec-
tor. The low-chirp device wavelength tuning range is shown in 
Fig 5(a) with the spectral peak wavelength extracted from raw 
laser output spectra at different pump stripe positions. Fig. 
5(b) is the waterfall plot of the spectra. This DFB laser device 
demonstrated a continuous, mode-hop-free, tuning range of 80 
nm, from 3057 to 3137 nm at ~2.5×threshold as labeled. 

The single-sided output power of the low-chirp DFB device 
was measured at many different pump positions, of which 
three are plotted in Fig 6(a). The output spectra at these three 

 
Fig. 4.  (a) Grating period and grating line orientation contours as a function 
of location on the 10x10 die. The blue rectangle is the cleaved device location. 
(b)  Grating period (blueline, left vertical axis) and Bragg wavelength (green 
line, right vertical axis).  

 
 
Fig. 5.  (a) DFB laser wavelength vs. pump position (u). The experimental 
data is plotted as discrete points, the red curve is a quadratic fit. The inset 
shows the grating normal pump configuration (GNC). (b) Waterfall plot of 
the individual spectra vs. pump position. 

 
Fig. 6.  (a) DFB laser single-facet output measured at three pump positions, 
with the pump stripe focus adjusted to maximize output power at each posi-
tion. (b) corresponding device spectra for a pump power of 3.9 W, ~ 3× 
threshold. 
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pump positions at 3.5× threshold are also shown in part b). 
Thresholds at these different pump positions are not exactly 
the same, mainly due to fabrication non-uniformities. As seen 
in the plot, the maximum single facet output power reaches 
820 mW, limited by the available pump power, without any 
sign of saturation except for the stripe nearest the edge of the 
chip.   

The spectral linewidth (FWHM) of the low-chirp DFB laser 
output at about 2.5×threshold is plotted in Fig. 7(a) across the 
full tuning range. Typical spectral line width of this device is 
about 1.2 nm at 2.5×threshould which is adequate for atmos-
pheric pressure broadened spectral investigations, but is too 
broad for high resolution molecular spectroscopy. As shown in 
the figure, the spectral linewidth shows a decreasing trend as 
the pump stripe shifts from one end of the device to the other, 
suggesting that alignment of the wafer with the pump focal 
depth plays some role in determining the linewidth, which is 
most likely due to multiple lateral modes in this many wave-
length wide, gain-guided laser cavity. For these initial experi-
ments, there was no adjustment for optimizing pump stripe 
focusing during the device translation, likely, the actual spec-
tral linewidth of the device will be slightly narrower with an 
optimized pump geometry configuration. 

A very important tuning characteristic for spectroscopy is 
continuous wavelength tunability without frequency gaps or 
mode jumps. In traditional unchirped DFB lasers, mode hop-
ping can occur between the two degenerate DFB modes on 
either side of the stop band. This degeneracy can be lifted by 
introducing an asymmetry that favors one mode over the oth-
er, for example metal grating lines that have more loss for the 
standing wave mode with intensity maxima at the line posi-
tions. In the present case, the longitudinal chirp of the grating 
provides the asymmetry as discussed below.  

To test continuous tuning performance of this low-chirp 
DFB laser, a high-finesse Fabry-Perot (F-P) interferometer 
with a fixed cavity length was used. By measuring the trans-
mittance while tuning the output wavelength of the DFB laser, 
we can characterize both the spectral linewidth and tunability 
of the device. Slightly shifting the F-P cavity length and 
rescanning the laser output, allows filling in the spectral 
measurements to provide a complete tuning curve. As an ex-
ample for a particular F-P interferometer cavity length of 365 
m, 6 transmittance peaks were obtained as the laser was 
tuned through the full tuning range as shown in Fig. 7(a), cor-
responding to the convolution of the six sequential transmis-

sion peaks of the F-P interferometer and the spectra of the 
tunable DFB laser in the ranges of these 6 peaks. Peak 6 was 
only partially acquired because the pump stripe was at the 
extreme end of the laser device. For a 365 µm F-P cavity 
length, the free spectral range is 411 GHz (13.1 nm); and the 
interferometer end-mirror reflectance is 0.985 from 3 to 5 m, 
giving a finesse of 208. Each data point in the Fig. 7(a) cor-
responds to a positional pump stripe translation of 3.15 µm, 
equivalent to a wavelength change of 0.063- to 0.071-nm 
which is very small compared with the degenerate DFB mode 
spacing of about 1 nm and the laser F-P mode spacing (with a 
cavity length of ~2.5 mm) on the order of 0.5 nm. The F-P 
interferometer resolution under the present condition is close 
to the wavelength tuning step of 0.063 nm across the whole 
DFB device tuning range which means all the wavelength 
tuning steps are resolvable. The spectral line width of our DFB 
laser, as measured with the interferometer is about 1.3 nm, 
shown in Fig. 7a), which agrees with the result obtained with 
the monochromator. Multi-longitudinal-mode operation was 
not observed in this device. The sub-peaks observable on 
peaks 3 - 5 are likely due to lateral modes of the laser consid-
ering the gain-guided pump stripe width of 70- to 100-µm 
which can support multiple lateral modes. To check for mode 
jumps in other regions of the tuning, the F-P interferometer 
was set to different cavity lengths to interpolate the whole 
tuning range of the device; mode hopping, corresponding to 
either the F-P mode space or the degenerate DFB modes, was 
not observed over multiple measurements. 

IV. TRANSFER MATRIX EVALUATION OF WAVELENGTH 

TUNING 

To understand the lasing wavelength and tuning characteris-
tics of our tunable DFB laser, a preliminary model combining 
the transfer matrix method (TMM) [26-36] with an effective-
refractive-indices approach [37, 38], and incorporating the 
particular geometry of the chirped grating along the laser cavi-
ty defined by pump stripe on the DFB device, was developed 
and implemented. This modeling program was developed as 
an integrated environment to model: (a) the epitaxial growth 
structure (for mode analysis and effective refractive indices 
calculations); (b) the IL pattern generation based on the lens 
geometry and device position and orientation (for chirped 
grating solutions); and (c) device performance modules (for 
pump stripe geometry, cavity TMM construction and thresh-
old lasing wavelength solution). Arguments/results pass 
among these modules, allowing convenient adaptation to dif-
ferent devices. The principal goal of this model is to predict 
threshold lasing wavelength as function of pump stripe loca-
tion on our tunable DFB devices for a given set of parameters, 
and then to optimize choices of fabrication parameters. Sim-
plifications or assumptions in our model include use of the 
imaginary part of the refractive index to represent gain/loss of 
the gain medium, which was taken to vary independently of 
the real part. The pump stripe width was taken as 100 µm and 
its power intensity across both its width and length was taken 
to be constant; the semiconductor gain spectrum was treated as 

 
Fig. 7.  (a) Spectral linewidth of DFB laser device at different pump posi-
tions at pump power of 2.5×threshold.  (b) Fabry-Perot interferometer 
transmittance measurement with fixed cavity length while tuning DFB laser 
output wavelength. 



> He et al, Optically Pumped Type-II... < 
 

6

constant across the whole device wavelength tuning range; 
and extra losses or leakage of pump power as a result of re-
flection and scattering from the grating ridges due to non-
perpendicularity between pump stripe and the grating lines 
was ignored. 

The approach to determining the threshold lasing wave-
length can be summarized as follows. First, the modal indices 
for the grating groove and ridge (Fig. 2) are determined based 
on the epitaxial structure. Then the grating periods and line 
orientations as functions of position along the laser cavity de-
fined by an arbitrary pump stripe projected onto the DFB laser 
device are calculated based on the IL optical configuration. To 
gain an initial understanding of the impact of a chirp on the 
DFB characteristics, a simple quadratic grating profile was 
used. For comparison with the experimental results in later 
figures, the grating period variation based on the optical con-
figuration (Fig. 3) was computed. Due to the hyperbolically 
chirped grating, both grating periods and line orientations vary 
along the cavity as shown. Along the 2.5 mm longitudinal 
cavity length of each DFB device, there are ~6000 full grating 
cycles for a 415 nm pitch as well as two fractional periods at 
the facets due to random cleaving positions which are loca-
tion-dependent since the grating lines are tilted relative to the 
facets. These partial periods are important for geometries in 
which both the cavity F-P and the DFB are aligned, but are 
ignored in the present analysis since there is no reflection back 
into the DFB cavity as a consequence of the grating tilt. Loca-
tions and widths of grating ridge/groove segments in all the 
cycles in this cavity are calculated, assuming a 50% duty cy-
cle. This chirped grating along the defined laser cavity is con-
verted to a multi-layer stack structure with layer locations and 
thicknesses corresponding to the grating ridge/groove seg-
ments previously found. An overall cavity transfer matrix is 
then constructed using all the interface and translation matri-
ces describing the different individual layers along the cavity, 

following the standard TMM procedure (Fig. 8). Because of 
the hyperbolically chirped grating patterned on the device, 
incident/transmitted angles appearing in the Fresnel relations 
in the evaluation of the components of the interfaces matrices 
and propagation angles in the phase terms of the translation 
matrices are not 90, and the resulting optical path is not a 
straight line. The optical path centerline is found through itera-
tive optimization, and the transfer matrices for each path seg-
ment and each interface are calculated individually. Consider-
ing the grating line orientation variation along the cavity 
(pump stripe) is on the order of only 1, this procedure to cal-
culate the angles and optical path is straightforward. The equa-
tion used to calculate the angles on interfaces is given in equa-
tion (3).  
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where  and  are incident and transmitted angles on the inter-
face, Reffn ,

~  and Geffn ,
~  are the complex effective refractive 

indices for the ridge and groove portions of the structure, re-
spectively.  

For a parabolic grating chirp in the longitudinal direction, 
the results for the transmission and reflection of the grating 
structure are shown in Fig. 9. For an unchirped grating the 
traditional symmetrical passband curve is obtained. The 
FWHM of the stop-band, which in this low coupling regime is 

proportional to effGeffReff nnn ,,  , is ~0.024%. For the 

chirped grating with a 0.01% longitudinal chirp, comparable 

 
Fig. 8.  (a) Chirped grating along the cavity defined by pump stripe on DFB 
device;  (b) Converted layer-stack structure with effective refractive index 
approach. Layers corresponding to the grating ridge/groove segments. 
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Fig. 9.  Reflection/transmission for DBR sections (L = 3) showing the ef-
fects of longitudinal chirp.
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to the FWHM, the strength of the reflection peak is decreased, 
and the sidebands become asymmetric showing more modula-
tion at long wavelengths. The chirp in these calculations is to 
higher periods, or longer wavelengths; for the opposite chirp, 
the asymmetry is reversed as expected. At a chirp of 0.1%, 
considerably broader than the unchirped FWHM, the DBR 
characteristic becomes a series of resonances with a slowly 
decreasing envelope. The wavelength spacing of these reso-
nances increases as the chirp increases. As shown below, these 
resonances are the source of the mode hops observed when 
tuning a device with a chirp on this order. 

In the cavity transfer matrix construction, the fractional 
grating cycles disappear together with the output medium for 
the grating normal configuration because the reflection from 
the facets is not directed back into the cavity. This simplifies 
the procedure of cavity transfer matrix construction and elimi-
nates the random phases at facets due to cleaving. With the 
real effective refractive indices in the previous calculation 
steps replaced by complex indices representing optical gain, 
transmittance and reflectance curves of the laser cavity within 
the wavelength tuning range are calculated using the transfer 
matrix. The laser cavity transfer matrix can be written as a 2×2 
matrix as shown in Eq. (4):  
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Finally, the imaginary part of the refractive index in the 
gain medium is increased in small steps until the oscillation 

condition 0|
~

| 11 M , which corresponds to the physical situa-

tion where the device has outputs R and T in the absence of an 
input [39] is reached; the corresponding wavelength is taken 

as the lasing wavelength. A plot of |
~

| 11M  as an example of 

the lasing wavelength solution at an arbitrary pump stripe lo-
cation on device is shown in Fig. 10(a) and the tuning curve 
obtained by translation of the pump stripe along the device is 
shown in Fig. 10(b). There is reasonable agreement between 
the measurement and the calculation, given the uncertainties in 
the precise variation of the grating period across the device. 
As in the experiment, the model shows no evidence of mode 

hopping throughout the tuning range. 
This model was also tested on the high-chirp DFB laser de-

vice with a 10× larger longitudinal chirp that had exhibited 
clear mode hopping behavior [24]. Both the tuning behavior 
and the existence of mode hopping were displayed, as shown 

in Fig. 1 1. |
~

| 11M  plots at two particular pump strip positions 

are also shown for the cases one in a region of relative mode 
stability, and one close to a mode hop regime. Using the same 
model, wavelength tuning range of the present tunable DFB 
laser device is plotted by solving the lasing wavelengths at a 
series of different pump stripe positions across the whole lat-
eral width of the device, as shown in the blue curve in the Fig. 
11(b). So this model provides indirect proof that our low-chirp 
DFB laser device is continuously tuned without mode hops. 
This result greatly increases our confidence in the tuning re-
sults shown in Fig. 10 and codifies the importance of the lon-
gitudinal chirp in mode hopping behavior for this chirped grat-
ing device. 

V. CONCLUSION 

A novel method to pattern a hyperbolically chirped grating 
using interference between two spherical waves with precise 
control on longitudinal/lateral chirp was developed and 
demonstrated with an optically pumped tunable index coupled 
DFB laser fabricated. A 4×2.5 mm laser device with grating 
period range of 410 to 420 nm shows a continuous, mode-hop-
free, wavelength tuning range of 80 nm from 3057 to 3137 nm 
at 2.5×threshold pump power. The single facet output power 
of this DFB laser device reaches 820 mW limited only by the 
available pump power. Spectral linewidth at ~2.5×threshold is 
typically 1.2 nm, reflecting multi-transverse mode operation of 
this gain guided laser, sufficient for application of remote gas 
sensing at atmospheric pressure. F-P modes were successfully 
suppressed with tilting the grating orientation relative to laser 
facets and a grating normal pump stripe configuration.  

The importance of reducing the longitudinal chirp of the 
grating has been emphasized. This chirp leads to a walk-off of 
the DFB mode from the DFB structure and lowers the cou-
pling and leads to mode jumps that interfere with continuous 
tuning. The important parameter is the chirp relative to the 

 
Fig. 10.  (a) 11

~
M as a function of wavelength for a cold cavity (blue, no gain) 

and for a cavity with gain (red) showing the determination of the lasing wave-
length.  (b) The tuning curve generated by repeating this calculation as the 
pump stripe is translated along the device (blue line). The red dots are the 
measured lasing wavelengths.  

0.007%

FOM1 ~ 393
 ~ 3.4FOM2

Wavelength (nm)                                            Pump Position on Device (mm)  
Fig. 11.  (a) Simulated tuning curve (red) and experimental result (blue) for 
a device with the same epitaxial structure but with a grating with a ten times 
larger longitudinal chirp. The mode hops are evident in both the model and 

the experiment.  (b) Two 11
~

M plots; the top one corresponds to a position 

away from mode hops, while the bottom one is close to a mode-hop region. 
Note that there are several nearly equivalent minima in the plot which 
change relative strengths with small changes in the position. 

Longitudinal Chirp 0.09%

FOM1 ~ 12
 ~ 0.27FOM2
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DFB stop-band bandwidth. 
With a larger die tilt angle in IL, the lateral chirp of grating 

could be further increased with even lower longitudinal chirp 
which is ideal especially for wavelength tuning purposes. A 
tunable range of over 100 nm should be feasible for a 4 mm 
long DFB laser device. Practical values of  in IL need to be 
determined in future work. Another option for even wider 
wavelength tuning range will be to cascade different laser de-
vices, to take full advantage of the gain medium bandwidth. 
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