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中 文 摘 要 ： 本計劃係以半導體量子點之磊晶材料與技術來實現兆赫波輻

射源；利用外腔式二極體雷射之可調波長及窄頻的特性，調

整兩道連續波雷射的中心波長，使其差頻落在兆赫波段，便

可利用非線性光學之光混頻或差頻產生等機制得到窄頻且可

調頻率之連續兆赫波輻射。 

量子點雷射主動區為十層啁啾式堆疊的設計，藉由改變砷化

銦鎵覆蓋層的厚度來調變各層量子點的中心波長，我們選擇

三個中心波長並以交錯方式堆疊不同層數。雷射磊晶片經脊

狀波導製程並劈裂出不同共振腔長度，而為了抑制元件內部

共振腔產生 FP雷射以利外部共振腔的波長選擇機制，我們將

量子點雷射的前後端面分別進行抗反射與高反射鍍膜。 

首先我們將啁啾式堆疊量子點雷射置於 Litrrow 外腔式雷射

架構中而獲致寬達 150-nm（1143-1293 nm）之單一波長可調

之外腔式量子點雷射，其操作電流皆可小於 90 mA。接著我

們改採富氏轉換外腔式雷射架構來實現多波長雷射，也就是

在 Littman 架構下搭配透鏡與特殊 V-型狹縫設計來選擇多個

回授波長，我們獲致雙波長、三波長及四波長之外腔式量子

點雷射，相鄰波長位置及間距皆是可調的，這對低密度分波

多工系統是很有潛力的應用。最後我們將雙波長雷射入射光

導天線，利用光混頻機制試圖產生兆赫波輻射源，我們尚須

扣除環境及偵測器本身的熱訊號，才能真正確認此調變訊號

是否為雷射差頻所產生的兆赫波輻射。 

中文關鍵詞： 量子點雷射、可調波長雷射、外腔式二極體雷射、兆赫波輻

射源 

英 文 摘 要 ： This project is aimed to demonstrate terahertz (THz) 

radiation based on epitaxial material and technology 

of semiconductor quantum dots (QDs). The narrow-band 

and frequency-tunable THz radiation are proposed to 

be implemented by combining multi-wavelength lasing 

emissions of external-cavity diode lasers and 

nonlinear optical mechanism of phtomixing or 

difference frequency generation. 

The chirped multilayer QD active region consists of 

10 layers of self-assembled InAs QDs which are capped 

by In0.15Ga0.85As strain reducing layers of varying 

thickness. Three chirped wavelengths of longer, 

medium, and shorter wavelength range are grown 

interlaced with different stacking numbers. The wafer 

is patterned by wet etching into ridge waveguides and 

cleaved into laser bars with different cavity 



lengths. To suppress internal Fabry-Perot emissions 

and facilitate external grating selection of lasing 

wavelength, the front facets are deposited with 

broadband multilayer anti-reflection coating, while 

the rear facets are deposited with high-reflection 

distributed Bragg reflector coating. 

First, the chirp-stacked multilayer QD lasers are 

arranged in Littrow external-cavity configuration. 

The single-wavelength tuning range of 150 nm, from 

1143 nm to 1293 nm, is achieved under low operation 

current of 90 mA. Then, multi-wavelength lasers are 

achieved by using the Fourier-Transform external-

cavity configuration； equivalently, special V-like 

slit is incorporated in the modified Littman 

configuration. We have therefore achieved dual-, 

triple- and quadruple-wavelength lasing emissions for 

potential application of coarse wavelength-division 

multiplexing. Finally, the dual-wavelength external-

cavity QD lasers are incident on the photoconductive 

antenna for photomixing. The modulated THz signals 

are therefore detected by the Golay cell. We still 

have to subtract the thermal background from the 

environment and the detector in order to make sure 

the modulated signal is indeed the THz radiation. 

英文關鍵詞： Quantum Dot Lasers, Tunable Lasers, External Cavity 

Lasers, Terahertz Emitters 
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半導體量子點兆赫波輻射源之研製 

Semiconductor Quantum Dot Terahertz Emitters 

計畫編號：NSC101-2221-E-009-122 

執行期間：101 年 8 月 1 日 至 102 年 10 月 31 日 

主持人：林國瑞 國立交通大學電子工程學系暨電子研究所 副教授 

 

一、 中文摘要 

關鍵詞：量子點雷射、可調波長雷射、外腔式

二極體雷射、兆赫波輻射源 

本計劃係以半導體量子點之磊晶材料與

技術來實現兆赫波輻射源；利用外腔式二極體

雷射之可調波長及窄頻的特性，調整兩道連續

波雷射的中心波長，使其差頻落在兆赫波段，

便可利用非線性光學之光混頻或差頻產生等

機制得到窄頻且可調頻率之連續兆赫波輻射。 

量子點雷射主動區為十層啁啾式堆疊的

設計，藉由改變砷化銦鎵覆蓋層的厚度來調變

各層量子點的中心波長，我們選擇三個中心波

長並以交錯方式堆疊不同層數。雷射磊晶片經

脊狀波導製程並劈裂出不同共振腔長度，而為

了抑制元件內部共振腔產生FP雷射以利外部

共振腔的波長選擇機制，我們將量子點雷射的

前後端面分別進行抗反射與高反射鍍膜。 

首先我們將啁啾式堆疊量子點雷射置於

Litrrow外腔式雷射架構中而獲致寬達150-nm

（1143-1293 nm）之單一波長可調之外腔式量

子點雷射，其操作電流皆可小於90 mA。接著

我們改採富氏轉換外腔式雷射架構來實現多

波長雷射，也就是在Littman架構下搭配透鏡與

特殊V-型狹縫設計來選擇多個回授波長，我們

獲致雙波長、三波長及四波長之外腔式量子點

雷射，相鄰波長位置及間距皆是可調的，這對

低密度分波多工系統是很有潛力的應用。最後

我們將雙波長雷射入射光導天線，利用光混頻

機制試圖產生兆赫波輻射源，我們尚須扣除環

境及偵測器本身的熱訊號，才能真正確認此調

變訊號是否為雷射差頻所產生的兆赫波輻射。 

 

二、 英文摘要 

Keywords: Quantum Dot Lasers, Tunable Lasers, 

External Cavity Lasers, Terahertz Emitters 

This project is aimed to demonstrate 

terahertz (THz) radiation based on epitaxial 

material and technology of semiconductor 

quantum dots (QDs). The narrow-band and 

frequency-tunable THz radiation are proposed to 

be implemented by combining multi-wavelength 

lasing emissions of external-cavity diode lasers 

and nonlinear optical mechanism of phtomixing 

or difference frequency generation. 

The chirped multilayer QD active region 

consists of 10 layers of self-assembled InAs QDs 

which are capped by In0.15Ga0.85As strain 

reducing layers of varying thickness. Three 

chirped wavelengths of longer, medium, and 

shorter wavelength range are grown interlaced 

with different stacking numbers. The wafer is 

patterned by wet etching into ridge waveguides 

and cleaved into laser bars with different cavity 

lengths. To suppress internal Fabry-Perot 

emissions and facilitate external grating selection 

of lasing wavelength, the front facets are 

deposited with broadband multilayer 

anti-reflection coating, while the rear facets are 
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deposited with high-reflection distributed Bragg 

reflector coating. 

First, the chirp-stacked multilayer QD 

lasers are arranged in Littrow external-cavity 

configuration. The single-wavelength tuning 

range of 150 nm, from 1143 nm to 1293 nm, is 

achieved under low operation current of 90 mA. 

Then, multi-wavelength lasers are achieved by 

using the Fourier-Transform external-cavity 

configuration; equivalently, special V-like slit is 

incorporated in the modified Littman 

configuration. We have therefore achieved dual-, 

triple- and quadruple-wavelength lasing 

emissions for potential application of coarse 

wavelength-division multiplexing. Finally, the 

dual-wavelength external-cavity QD lasers are 

incident on the photoconductive antenna for 

photomixing. The modulated THz signals are 

therefore detected by the Golay cell. We still 

have to subtract the thermal background from the 

environment and the detector in order to make 

sure the modulated signal is indeed the THz 

radiation. 

 

三、 計畫緣由與目的 

兆赫波段（Terahertz or THz）嚴格定義係

指頻率落在0.3 ~3 THz或者波長介於100~1000 

μm的電磁波（較寬鬆的定義為0.1~10 THz或

30~3000 μm），從研發的歷史來看，這個波段

由於缺乏有效率而且經濟便利的發射輻射

源、偵測器及傳輸相關元件因而鮮受重視 

[1-3]。近年來，由於材料成長與製作技術的成

熟，加上許多潛在的應用獲得初步的展示，因

此兆赫波元件的研發正引起廣大的興趣。兆赫

波的應用層面相當地廣泛，包括：天文研究（觀

測宇宙星雲、星塵與星體等輻射光譜）、地球

科學研究（分析大氣組成、探討溫室效應與臭

氧層破洞等）、分子辨識及顯像（偵測毒性或

爆裂性等危安物品）、生物醫學顯像（偵測癌

細胞）、食物品管以及半導體廠之製程監控等 

[2]。 

兆赫波輻射源之發展請詳見本研究群顏

順通教授所發表的專文 [2]；若以操作原理來

區分，大致可分成兩類：自由載子傳輸震盪與

量子躍遷輻射。前者多以電子元件的形式呈

現，如甘氏二極體（Gunn）、共振穿隧二極體

（RTD）、崩渡二極體（IMPATT）以及短通道

之高遷移率場效電晶體（FET）等，主要是將

電子的震盪頻率由射頻（ RF ）或微波

（microwave）波段往上增加至兆赫波段；國

內目前有綦振瀛教授及張翼教授將異質接面

雙載子電晶體（HBT）的電流增益截止頻率及

最大震盪頻率（fＴ與fmax）推至兆赫波段，顏順

通教授則在高電子移動率電晶體（HEMT）量

測到寬頻分佈的兆赫波輻射。後者（量子躍遷

輻射）多以光子元件的形式呈現，其一利用黑

體輻射原理（如高壓汞燈），其二利用受激輻

射原理（如雷射），其三利用非線性光學效應

（混頻、差頻或整流等）；國內目前大多利用

第三種效應以昂貴的脈衝雷射系統激發天線

結構來獲取寬頻且同調的兆赫波輻射 [4]。直

接實現兆赫波雷射的研究相對稀少，此乃因雷

射主動區材料必須具有兆赫波段的增益以產

生受激輻射，而依材料被激發方式又可分為光

致輻射及電致輻射；由於光致輻射的效率差、

成本高而且不易商品化，一般看好電致輻射的

量子串級雷射（Quantum Cascade Lasers）[5]，

此部分的研究重點係將光子的躍遷頻率從紅

外光或可見光波段向下降低至兆赫波段。 

不管是利用電子元件將電子的震盪頻率

增加，或者是利用光子元件將光子的躍遷頻率

減少，當頻率進入兆赫波段時，兩者的輻射功

率與效率均大輻降低，長久以來沒有突破性的

發展而形成所謂的兆赫波間隙（THz Gap），因

此本計畫將聚焦於兆赫波段輻射源之研製，期
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以半導體材料實現輕巧而有效率的兆赫波輻

射源。雖然目前以半導體量子井（QW）結構

所研製之量子串級雷射已可操作在77 K 以

上，波長也可延伸至約1 THz [5]，然此輻射源

的最大缺點為堆疊結構需要以分子束磊晶方

式成長數百甚至上千層能隙高低不同的半導

體薄層，十分耗費時間和成本，而且容易對磊

晶儀器造成損害 [2,5]。在上述的現況下，我

們挑選量子點（QD）磊晶材料與技術，希望

藉此研製新穎的量子點兆赫波輻射源。 

量子點磊晶材料與技術雖然不若量子井

來得成熟，但因量子點主動區具有低臨限電流

密度、高特徵溫度及高微分增益等潛在優勢，

因此被視為兆赫波輻射源的最佳候選材料 

[6-9]。然而研究量子點產生THz的文獻大部分

停留在剛起步的階段：Ref. [6] 指出當量子點

intersublevel能量間隔小於縱向光學聲子能量

（e.g. 14 meV or 3.4 THz），其載子鬆弛受到抑

制而使得其生存期大輻延長（由ps延長至

ns），這個現象可以突破量子井串級雷射在兆

赫波段無法室溫操作的限制；Ref. [7] 則探討

載子在量子點的共振穿遂（resonant tunneling）

效應，這個效應對於製作量子點串級雷射是很

重要的。由於串級雷射不但需要精確控制而且

多層堆疊容易損害磊晶機台，加上自組式量子

點的非均勻展寬（inhomogeneous broadening）

特性使得intersublevl無法被精確決定，因此量

子點串級雷射可能只是一個達不到的夢想。 

Ref. [8] 提出將量子點放入圓柱狀微共振

腔（micro-cylinder），結合GaAs-AlGaAs材料

的非線性係數、微共振腔的巨大Q值（quality 

factor）以及圓柱波導的WGM模場（whispering 

gallery mode），利用兩個WGM的頻率差異應

可發出兆赫波輻射，然目前僅停留在光激發量

測與數值模擬的階段，距離室溫操作與通電激

發有很大的落差。較有可能性實現量子點兆赫

波輻射源的研究應屬Ref. [9]，法國CNRS實驗

室在磷化銦基板上成長1.55 μm波段之量子點

雷射，他們在單段式電極架構下觀測到自鎖模

（self-mode-locking）的現象，經縮短共振腔

至120 μm，其自鎖模之脈衝重複率達兆赫波段

的346 GHz，由於脈衝光場伴隨電子的震盪與

電流的調制，預期可觀測到如同光導天線之兆

赫波輻射產生。我們執行NSC98計畫也在砷化

鎵基板上首次觀測到1.3 μm波段之自鎖模量

子點雷射 [10]，然因鎖模程度不完全，建議還

是採用傳統兩段式電極的被動鎖模架構來實

現。由於量子點成長條件及堆疊應力控制需要

相當的經驗累積，國內僅有少數單位展示1.3 

μm波段的雷射，因此尚無鎖模量子點雷射的

相關研發，而以量子點製作兆赫波輻射源的研

究更是付之闕如。 

 

四、研究方法及成果 

本計劃係以半導體量子點之磊晶材料與

技術來實現兆赫波輻射源（THz emitters），利

用外腔式雷射（external-cavity lasers）之波長

可 調 及 窄 頻 的 特 性 ， 調 整 兩 道 連 續 波

（continuous-wave or cw）雷射的中心波長（或

頻率），使其差頻落在兆赫波段，便可利用非

線性光學之光混頻（photomixing）或差頻產生

（Difference Frequency Generation or DFG）等

機制放出連續兆赫波輻射；由於雷射的中心波

長可調，因此可以得到窄頻且可調頻率之連續

兆赫波輻射。 

若是要以外腔式雷射實現可調頻率之兆

赫波輻射，除了要讓兩道雷射光的差頻落在兆

赫波段，雷射本身的線寬（linewidth）也要控

制在數十GHz的範圍，這是目前外腔式雷射可

以達到的 [11-13]；而如果選擇雷射中心波長

為1.3 μm波段，則1~3 THz的差頻相當於兩道

雷射光的中心波長相隔5~15 nm，這也是量子

點增益介質所能達到的增益頻寬。 

圖一為本計畫所採用之啁啾式堆疊多層

量子點雷射結構，我們固定InAs QDs上方
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InGaAs QW覆蓋層的成分，藉由改變InGaAs 

QW覆蓋層的厚度來調變各層量子點的中心波

長，中心波長由長而短分別以QDL、QDM與QDS

表示，磊晶層數分別為4層、3層與3層並且以

交錯方式堆疊。完成生長之磊晶片經標準雷射

製程，製作出寬度5 m之脊狀波導，共振腔則

劈裂出1.5 mm、2.0 mm與3.0 mm等三種長度。 

 
圖一 啁啾式堆疊多層量子點雷射結構示意圖 

為了抑制元件內部共振腔的Fabry-Perot

雷射以利外部共振腔的波長選擇機制，我們將

量子點雷射的前後端面分別進行抗反射與高

反射鍍膜（AR/HR coating），圖二顯示鍍膜後

之L-I-V與波長特性，圖二(b)顯示長度2 mm之

量子點，鍍膜後臨限電流密度由0.15 kA/cm2

上升至0.75 kA/cm2，發光波長也由基態的1260 

nm切換之激態的1180 nm。 

 

 
圖二 AR/HR 雷射之(a) L-I-V 與(b)波長特性 

首先，我們利用外部光柵選擇回授波長，

以圖三(a)之 Littrow 外腔式雷射架構來實現單

波長可調雷射，圖三(b)展示可調範圍寬達 150 

nm（1143-1293 nm）之外腔式量子點雷射；在

工作電流不超過 90 mA 的條件下，我們得到可

調波長對臨限電流關係如圖三(c)。 

 

 

 
圖三 (a) Littrow架構 (b)150-nm可調雷射波長 
(c)可調波長與臨限電流關係圖 
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接者，我們改採圖四之富氏轉換外腔式雷

射架構來實現多波長雷射，也就是在 Littman

架構下搭配透鏡與特殊 V-型狹縫設計來選擇

多個回授波長，我們獲致了圖五(a)之雙波長、

圖五(b)之三波長及圖五(c)之四波長外腔式量

子點雷射，相鄰波長位置及間距皆是可調的，

這對低密度分波多工系統（Coarse Wavelength 

Division Multiplexing or CWDM）是很有潛力

的應用。 

 

圖四 富氏轉換外腔式雷射架構 

 

 

 

 

圖五 (a)雙波長(b)三波長及(c)四波長之外腔

式量子點雷射 

最後，我們架設如圖六之實驗架構來進行

雙波長雷射之差頻以實現兆赫波輻射，利用光

導天線（PhotoConductive Antenna or PCA）對

兩道窄頻的雷射光作差頻產生，我們在高勒池

偵測器（Golay Cell）觀測到圖七之調變訊號，

我們尚須扣除環境及偵測器本身的熱訊號，才

能真正確認此調變訊號是否為雷射差頻產生

的兆赫波輻射。 

 
圖六 兆赫波輻射源之實驗架構 
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圖七 高勒池所偵測到之調變訊號 

 

五、結論與建議 

於本年度計畫中，首先我們將啁啾式堆疊

量子點雷射置於Litrrow外腔式雷射架構中而

獲致寬達150-nm（1143-1293 nm）之單一波長

可調之外腔式量子點雷射，其操作電流皆可小

於90 mA。接著我們改採富氏轉換外腔式雷射

架構來實現多波長雷射，也就是在Littman架構

下搭配透鏡與特殊V-型狹縫設計來選擇多個

回授波長，我們獲致雙波長、三波長及四波長

之外腔式量子點雷射。最後我們將雙波長雷射

入射光導天線，利用差頻機制試圖產生兆赫波

輻射源，我們尚須扣除環境及偵測器本身的熱

訊號，才能真正確認此調變訊號是否為雷射差

頻產生的兆赫波輻射。 
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國科會補助專題研究計畫項下出席國際學術會議心得報告 

                                   日期： 102 年 5 月 8 日 

一、參加會議經過 

2013 SPIE Optics + Optoelectronics 於 4 月 15~18 日在捷克的首都 Prague 城市舉辦，會議大

致可分為兩個部分：技術會議跟特別活動，其中技術會議共有 16 種不同議題的 session，主題

涵蓋了合成材料、非線性光學應用、光子計量應用、量子光學應用、光感測器、微結構與特殊

光纖、全像術、VUV+EUV+X-ray 光學相關理論及應用、雷射加速、生醫應用、超高能雷射和

整合光學的物理與模擬…等光學光電子學相關研究議題；而特別活動包含了 3 場重點演說、歡

迎晚會、ICO 頒獎典禮及 3 個研討會（Workshop），發表論文（口頭和壁報）超過 600 篇，參

展廠商逾 30 家，與會人員估計近千人。 

在第一天安排的 3 場重點演說中，第二場演說邀請到了近年來非常有名的研究機構-比利時

微電子中心（IMEC）的 Roel Baets 教授，演講題目為『Silicon Photonics: a Generic Technology 

Platform for Innovation in Many Markets』；內容從一開始簡單介紹 IC 的發展，隨著技術的進步，

將 IC 與雷射整合在單一晶片進而形成了 Silicon Photonics 的相關研究，為何要將雷射的發光概

念與 IC 作整合，換句話問，為何是 Silicon Photonics？由於 Si 有很高的折射係數，更重要的是，

藉由現存且非常成熟的 CMOS 製程技術，同時可以符合低成本高產出的商業化需求，接著講者

展示了各種形狀波導與其成果，每一種展示的研究成果都非常令人印象深刻，最讓我佩服的是

自動化量測的影片展示，和我們用人工所量測的速度、效率實是難以望其項背！最後講者對這

次主題給了如下的結論：Silicon Photonics 是一個正以非常快速度成長的主流產業，利用現有的

CMOS 技術可以應用在如遠端通訊、資料通訊、中間連結和感測應用；另一方面，對於這項新

興的科技需要一套標準的製程程序來達到標準化，最後才能進到代工端達成真正的商業化應用。 

我們所發表的論文『tunable multiwavelength quantum dot external-cavity lasers』時間安排在

4/16 的下午 5:10~5:30，聽眾約有十多人。我們的研究內容強調如何利用 chirped QD 有著較寬的
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發光頻譜，設計不同的外腔式結構以得到多波長雷射的調變，而我們達到的成果是相關領域的

研究中最低的注入電流密度，但聽眾似乎多投入於光纖與非線性光學的研究，因此詢問的二個

問題與研究的重點較無相關。第一個問題是有關於多波長雷射的情況下，如何控制這些雷射波

長的訊號強度，雖然這與目前我們研究的方向較為無關，但在研究的過程我們已經有想過並討

論控制訊號的可能性，藉由理解外腔室雷射的原理，控制反饋光的反饋強弱程度，確實可以達

成控制訊號的目的，相同的概念台大的林清富教授也有發表於 IEEE Photonics Technology 

Letters；而第二個問題是談到在這些多波長之間調變的速度能到多快，很可惜的目前我們量測

的系統並不是自動化控制，這些不同波長雷射的變換都是完全手動，所以我們只能回覆提問者

在未來透過結合微機電系統（MEMS）的整合控制後，我們才有辦法做到較為快速的變換。 

 

二、與會心得 

2012 年參加 SPIE 在聖地牙哥舉辦的 Optics+Photonics 國際會議，盛況空前令我留下深刻印

象，而 2013 年 Optics+Optoelectronics 又在旅遊城市布拉格舉辦，因此吸引我投稿這個會議。投

稿時未能找到完全符合的分類，原以為會被拒絕，收到接受通知令人有意外的驚喜。這個會議

的論文接受率應該不到五成，或許是議題涵蓋高能量、加速器及非線性光學等較不熱門的領域，

因此未列入交大電機學院的重要國際會議。 

此次會議的規模比我想像的小，參與人數估計七~八百人，地點選在遠離舊城區的飯店內舉

辦，雖然周邊的交通還算便利，搭乘地鐵、公車或電車都可以到達，但會場的空間不大，參與

的廠商也嫌少，此外主辦單位的通知及提醒資訊不夠詳盡，接待晚宴還遠離會場 45 分鐘車程。

晚宴中與交大光電許根玉教授聊起，才知道此會議每兩年在布拉格周邊飯店輪流舉辦，多為歐

洲地區特別是捷克的教研及碩博生參與，當然不若 SPIE optics+Photonics 年會性質的國際會議

來得規模盛大與經驗豐富。 

這次會議我帶了一位碩二研究生出席，由於他有交換學生的經驗，我大膽地讓他作英文口

頭報告，雖然這不是他第一次英文簡報，不過在各國頂尖研究人員的場合，還是有不小的壓力，

緊張更是難免；一開始上台有點不太順暢，開始報告後愈來愈流暢，報告時間的掌控剛好，該

提到的研究重點也都有講出來，對他本人應該是一個難忘的培訓與經驗。此外我們也聆聽多場

受邀演講以及相近研究的發表，雖然大部分研究有點陌生，但對於啟發新的想法或進入新的研

究領域還是很有助益。 

 

三、考察參觀活動(無是項活動者略) 

略。 

四、建議 

 無。 

五、攜回資料名稱及內容 

Proceedings and CD for SPIE Optics + Optoelectronics 2013 
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六、其他 

附上會場照片、口頭報告照片、指導碩士生與 session chairman 合照及廠商展場照片。 
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Tunable multi-wavelength quantum dot external-cavity lasers 
Chen-Hung Pai and Gray Lin* 

Department of Electronics Engineering and Institute of Electronics, 
National Chiao Tung University, 1001 University Road, Hsinchu 300-10, Taiwan 

ABSTRACT   

The chirped multilayer quantum-dot (QD) gain media are arranged in Fourier-transform external-cavity laser (FT-ECL) 
configuration. Novel slit designs select 2, 3, and 4 different wavelengths that are diffracted from the grating for optical 
feedback. Therefore, the dual-, triple- and quadruple-wavelength ECLs are demonstrated in this study. The resulted 
multi-wavelength lasing emissions are achieved under injected current of 100 mA (or 1.33 kA/cm2) with signal to 
amplified spontaneous emission (ASE) ratio over 20 dB. Around peak-gain wavelength of 12xx-nm range, the adjacent 
wavelength separation is over 50 nm for dual-wavelength lasing, up to 13 nm for triple-wavelength lasing, and about 4-5 
nm for quadruple-wavelength lasing emissions. To further extend the wavelength separation for dual-wavelength lasing 
emissions, another modified scheme with two separate external mirrors are adopted and the achieved maximum value is 
about 126 nm in wavelength separation or over 25 THz in frequency difference. The terahertz (THz) generation by 
photomixing of dual-wavelength ECLs is also discussed in this study. 

Keywords: tunable lasers, external-cavity lasers, quantum-dot lasers, semiconductor lasers 
 

1. INTRODUCTION  

External-cavity lasers (ECLs) incorporated with semiconductor gain media are promising for novel light sources. The 
widely tunable and multi-wavelength feature of ECLs has great potentials for coarse wavelength-division multiplexing 
(CWDM) in fiber-optic communications. Moreover, photomixng of multi-wavelength ECLs [1] has made possible the 
compact, cost-effective, and tunable THz generation in many applications such as spectroscopy, medical imaging, and 
security. To achieve simultaneously multi-wavelength lasing with semiconductor lasers, the common approaches are   
utilizing single laser with physically separated gain media for each wavelength [2] or multiple lasers in the external 
cavity [3]. However, these approaches require elaborate fabrication and packaging procedures which lead to larger 
dimension of the external cavity system. 

The largest wavelength separation of dual-wavelength operation with quantum-well (QW) gain medium has been 
achieved by Huang et al. in grating-coupled external cavity [4]. Nevertheless, ECLs with QW gain medium require very 
high injection current density (typically more than 10kA/cm2) to populate carriers to higher energy state for broadband 
tuning. Consequently, QD gain medium is a better choice since it can fulfill both low injection current density and broad 
spectral-tuning requirements [5-8]. Furthermore, low injection current density is also beneficial for cost and power 
consumption issues. 

In this work, chirped multilayer QD structure of 1.3m wavelength range [9] is incorporated in two modified schemes of 
Littman ECL configuration. In the first configuration, dual-, triple-, and quadruple-wavelength lasing emissions as well 
as their continuous tuning are demonstrated at record low injection current density of 1.33 kA/cm2. Then in the second 
configuration, the maximum wavelength separation of 126 nm is achieved for dual-wavelength ECL by independent 
control of the optical feedback. Finally, we discuss the laser characteristics of dual-wavelength ECLs as well as their 
terahertz (THz) generation by photomixing. 

2. EXPERIMENTAL DETAILS 

The QD laser structure is grown by molecular beam epitaxy on Si-doped GaAs substrate. The active region consists of 
10 layers of self-assembled InAs QDs which are capped by In0.15Ga0.85As layers of varying thickness and spaced by 
GaAs of 33 nm. Three chirped wavelengths of longer, medium, and shorter wavelength range, with stacking numbers of 
4, 3 and 3 layers, are designed with InGaAs layer thickness of 4, 3 and 1.5 nm, respectively. The detailed layer structure 
can be found in [9]. The wafer is processed into ridge waveguides of 5-m width. As-cleaved laser bars are then 
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passivated with broadband anti-reflection coating (R < 1%) in the front facets as well as high-reflection distributed Bragg 
reflector coating (R > 99%) in the rear facets.  

Figure 1 shows the light-current-voltage (L-I-V) characteristics of solitary AR/HR coated QD laser with 1.5 mm in cavity 
length. The lasing wavelength of as-cleaved QD lasers is 1260 nm; however, it moves to shorter wavelength 1180 nm 
after AR/HR coating due to the increased mirror loss. In addition, the threshold current dramatically increases from 
20mA to 100mA. 

 

Figure 1. L-I-V characteristics of solitary AR/HR coated QD laser with 5-m width and 1.5-mm length. 

 

The AR/HR coated QD lasers are investigated in the Fourier-transform external-cavity laser (FT-ECL) configuration, i.e. 
the first modified scheme of Littman configuration by insertion of Fourier lens and slit in the first-order diffracted path 
[3]. Figure 2 shows the experimental setup. A collimating lens is utilized to collect the divergent light from the front 
mirror facet. The optical feedback is provided by first-order diffraction light which is diffracted from an external grating 
and then collected by a lens focused onto an external mirror. To select the multi-wavelength lasing emissions, a V-like 
slit is designed and put between Fourier lens and external mirror. The external grating is with groove density of 1200 
lines/mm and blazed at wavelength of 1.0 m. To tune the center wavelength or change the wavelength separation, one 
can move the V-like slit vertically or horizontally. The zeroth-order diffracted light is coupled via a multimode optical 
fiber into an optical spectrum analyzer. 

 

Figure 2. Experimental setup of tunable FT-ECL configuration. 
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Concerned to two-color ECLs, several concept schemes are proposed in the literature [10]. In above modification scheme, 
increasing the adjacent wavelength separation means increased spatial separation of selected wavelengths, which is 
limited by the slit design. However, the two separate wavelengths may be too far away to make nonzero incidence to the 
end mirror, and results in poor optical feedback. Therefore, the second modification scheme of Littman configuration, 
termed double-Littman ECL, is adopted and shown in Figure 3. Only two separate end mirrors are utilized for 
independent control of optical feedback. Since neither Fourier lens nor slit aperture is introduced, it is hard to get small 
wavelength separation due to the large physical dimension of end mirrors. The maximum wavelength separation 
achieved in this work is demonstrated by this scheme. 

 

Figure 3. Experimental setup of double-Littman ECL configuration. 

 

3. RESULTS AND DISSICUSIONS 

3.1 Multi-wavelength FT-ECLs 

Figure 4 shows the dual-wavelength tuning spectra under injection current of 100 mA at heatsink temperature of 20 0C. 
The signal to ASE ratio is in the range of 20 to 40 dB. The wavelength separation over 86 nm or frequency difference of 
17 THz (not shown) can be achieved in FT-ECL configuration and it is limited by our design of slit separation. To 
further increase the wavelength separation may render the nonzero incidence of two selected wavelengths. Therefore, 
single end mirror should be replaced with two end mirrors or the second modification scheme of double-Littman ECL 
should be adopted.  

 

Figure 4. The dual-wavelength lasing spectrum in FT-ECL configuration. 
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Figure 5 shows the triple- and quadruple-wavelength lasing emissions. Continuously triple-wavelength tuning is obtained 
by utilizing the lower part of V-like slit as shown in Figure 2. The slit design can operate as a switch from two 
wavelengths to three wavelengths. The maximum adjacent wavelength separation is 13 nm and the signal to ASE ratio is 
also larger than 20 dB. With different slit design, the quadruple-wavelength lasing emissions is demonstrated and shown 
in Figure 5(b). The adjacent wavelength separation is about 4 nm; however, the intensities of four wavelengths vary in a 
large range. This phenomenon results from uneven optical feedbacks between these four wavelengths. 

 

Figure 5. The spectrum of (a) triple-wavelength lasing emission (b) quadruple-wavelength lasing emission in FT-ECL 
configuration. 

 

3.2 Double-Littman ECLs 

Since the wavelength separation in FT-ECL configuration is limited by the slit, the double-Littman ECL configuration is 
adopted to achieve dual-wavelength lasing emission. Figure 6 shows the dual-wavelength lasing spectrum measured in 
double-Littman ECL configuration. The maximum wavelength separation or frequency difference is about 126 nm or  
over 25 THz. This result is in reasonable agreement with our maximum tuning range of 132 nm (from 1148 nm to 1281 
nm) in conventional Littman configuration. The signal to ASE ratio is over 20 dB even at maximum wavelength 
separation as shown in Figure 6. 

 

Figure 6. The dual-wavelength lasing spectrum in double-Littman ECL configuration. 
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The optical intensity distribution between the two wavelengths is an interesting issue in dual-wavelength lasing 
emissions. Matus et al. have theoretically analyzed the dynamics of various two-color ECL configurations by studying 
their time dependence of optical intensity distribution [11]. Here we present the static L-I-V characteristics of dual-
wavelength lasing emissions in double-Littman ECL configuration. We first generate dual-wavelength lasing emissions 
of equal intensities with wavelength separation of 46 nm (1169nm and 1215nm) and then collect the total optical power 
of zeroth-order diffracted light. As shown in Figure 7, the current dependence of optical power seems to exhibit certain 
oscillating periodicity which needs further investigation. 

 

Figure 7. The L-I-V characteristics of dual-wavelength in double-Littman ECL configuration. 

 

3.3 THz generation 

Multi-wavelength ECLs are promising for THz generation by photomixing of multi-wavelength lasing emissions. Matus 
et al. have identified and characterized five two-color lasing regimes of coherent, semicoherent, multimode, chaotic, and 
multimode chaotic operation by numerical simulation of several two-color ECL configurations [11]. They have 
concluded that the two-color coherent laser regime should be the most attractive one for THz signal generation [11] and 
later demonstrated experimentally in FT-ECL configuration [14]. Moreover, direct THz emission out of dual-wavelength 
ECLs is investigated by Wang et al. [13] and Hoffmann et al. [14]. Figure 8 shows our photomixing setup for THz 
generation. The dual-wavelength lasing emissions is monitored by OSA and focused onto a biased photoconductive 
antenna (PCA). An aspheric focusing Si lens is mounted on the back side to collect wide-angel emission THz wave 
radiating from the PCA. The focused THz wave is then detected by the bolometer. Since the bolometer cannot 
discriminate the emitted THz signal from any other far infrared radiation (e.g. heat radiation) from the laser diode [12], 
we are going to confirm it by Fourier Transform Infrared Spectrometer (FTIR) of Bruker IFS 66v/S. 
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Figure 8. The photomixing setup for generating THz radiation with FT-ECL. 

 

4. SUMMARY 

Tunable multi-wavelength light emitters based on InAs/InGaAs/GaAs QDs are demonstrated in this study. The chirped 
multilayer QD gain media are arranged in FT-ECL configuration, i.e. the first modified scheme with Fourier lens and slit 
introduced in the first-order diffracted path. Novel slit designs with 2, 3, and 4 slit apertures select different wavelengths 
that are diffracted from the grating for optical feedback. Therefore, the dual-, triple- and quadruple-wavelength ECLs are 
implemented for promising applications, such as wavelength-division multiplexing (WDM) in fiber-optic 
communications and THz light sources generation by difference-frequency generation (DFG) mechanism. 

The resulted multi-wavelength lasing emissions are achieved under injected current of 100 mA (or 1.33 kA/cm2). 
Around peak-gain wavelength of 12xx-nm range, the adjacent wavelength separation is over 50 nm for dual-wavelength 
lasing, up to 13 nm for triple-wavelength lasing, and about 4-5 nm for quadruple-wavelength lasing emissions. The 
maximum wavelength separation is limited by our slit design while the minimum wavelength separation is determined 
by the slit width. Moreover, the signal to ASE ratio is over 20 dB. Application of coarse-WDM or even dense-WDM can 
be benefited from further optimization. 

To further extend the wavelength separation for dual-wavelength lasing emissions, the second modified scheme of 
double-Litman ECL configuration with two separate external mirrors are adopted and the maximum achieved value is 
about 126 nm in wavelength separation or over 25 THz in frequency difference. The terahertz (THz) generation by 
photomixing of dual-wavelength ECLs is also discussed in this study. 
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