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摘  要 

随着半导体照明技术的发展，LED 在许多方面面临着技术的瓶颈，例如材料、

工艺以及色度学、热学检测技术都亟需改进和提高。另外，如何在大电流下维持

外量子效率也是一个重要的课题。本文针对以上几个方面，分别在色温检测、热

阻与结温检测等技术上提出了一些改进的方法，并且对提高大电流下外量子效率

进行了深入地研究。主要的工作以及创新点有以下几个方面： 

1. LED 相关色温计算方法的优化。相关色温是 LED 光源的重要参量。从原始

光谱数据到色品坐标(u, v) 再到色温和相关色温的计算过程相当复杂，需要

一种优化算法来简化计算量。本文基于色温的色度学定义，简要分析了直接

内插法、逐点法和函数曲线拟合法三种色温计算的经典算法，并分别指出了

它们的优缺点，在它们基础上提出了二分法和等间隔法这两种种新的色温优

化算法。详细介绍了这两种方法的基本思想、程序流程等。利用软件编程实

现这几种算法，通过普朗克黑体辐射公式计算得到一系列色温的理论光谱和

白光 LED 测试光谱，对比二分法，等间隔法和各种经典算法的速度和结果，

证明了二分法较等间隔法优越，是一种适合于计算机程序化实现的高精度高

速度的色温算法。 

2. LED 热阻测试方法优化。大功率 LED 在亮度提高的同时也带来了巨大的发

热。热阻是衡量 LED 封装结构散热性能的重要参数。因此如何能精确且便

捷的测定 LED 封装结构热阻是一个重要的课题。结构中每一层的热阻值累

加后的得到总热阻值。本文提出了一种测算 LED 封装结构分层热阻的新方

法。这种方法基于瞬态电学测试法和时间常数谱理论。通过大量实验，发现

结温瞬态曲线的一阶导函数和时间常数谱的内在联系：即前者是后者被一个
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加权函数模糊后的结果。基于实验观测结果，本文通过计算结温瞬态曲线的

一阶导数上的极小点，可以得到结温瞬态曲线上的拐点。并利用这些拐点判

断出分层结构每一层的热阻值。由于这种方法只需要一个自然散热热沉，因

此可以很便捷迅速的得出结果。理论计算和实验结果都证明了这是一种能在

LED 工作环境中检测 LED 热阻的好方法。 

3. InGaN LED 光谱结温测试法。所有针对 LED 封装结构散热通道的热仿真与

设计的目的就是在 LED 工作时能尽量降低结温。然而如何在 LED 正常工作

时准确测定结温是比较困难的。本文通过分析 InGaN 蓝光 LED 的光谱随着

结温和驱动电流变化的关系，给出了一种基于光谱温度敏感系数的 LED 结

温实时检测技术。首先研究了“质心波长”与半高宽随着结温和正向电流的变

化关系。通过实验手段分别测试这两个温度敏感系数对结温和电流的变化关

系，用简单的数学函数拟合出经验公式，在此基础上分别建立温度敏感系数

与正向电流和结温的二维数学函数模型。利用这个模型，只要在 LED 正常

工作时测定光谱和正向电流，就可以代入求解出实时的结温数据，实现了结

温的非接触性实时监控。通过实验分析可知，作为光谱温度敏感系数，半高

宽比质心波长具有更高的精确度。 

4. InGaN 蓝光 LED 效率 Droop 效应的空间分辨研究。外量子效率 Droop 问题

已经研究了十几年，以往的文献中报告在不同的 LED 样品中存在两种不同

的 Droop 特性。一种具有很高的外量子效率峰值电流，并且在电流超过该峰

值后外量子效率下降的比较慢；另外一种具有较小的外量子效率峰值电流，

并且当电流超过该峰值后外量子效率迅速下降。通常这两种 Droop 都是在独

立的样品中观测到的，是芯片发光整体平均的结果。本文通过考察空间分辨

的 Droop 特性，结合显微光致发光谱，在同一样品中研究了这两种不同的

Droop 形式。从而摒除了一些样品间不确定因素，得到了引起 Droop 的机制。

考察了两种分别基于自支撑 GaN 衬底和蓝宝石衬底的样品，它们具有不同

数量级位错密度，并在前者中发现在不同位置具有截然不同的 Droop 特性和

光致发光谱与电致发光谱特性。综合各种实验结果，可以认为：微缺陷与扩

展缺陷对载流子的俘获是导致了 Droop 的发生的主要原因。同时组分与量子

阱宽度的浮动可导致一些有源区中的能带陷阱，使得其中形成载流子局域化
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效应。它们能在中等激发密度下防止载流子被缺陷能级俘获，暂时缓解 Droop

效应的发生，却无法避免而在大电流下，载流子去局域化效应发生后的 Droop。

第一种 Droop 形式发生在有源区相对均匀，无能带陷阱的区域，而第二种则

发生在有源区存在能带陷阱的区域。可以认为，只有切实减小微缺陷与扩展

缺陷的密度，才能从根本上减轻和消除 Droop 效应的发生。而单一的关注如

何提高 Droop 发生时的电流大小也许是没有意义的。 

关键词：大功率 LED；色温(相关色温)；热阻；结温；外量子效率  Droop 
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Study on the Characteristics and Measuring Techniques of 

High-Power Light-Emitting Diodes  

Yue Lin 

 

Abstract 

 

As the development of solid-state lighting, high-power Light-emitting diodes (HP 

LED) face with technique bottleneck in various aspects. For instance, the techniques 

for measurement of parameters of chromaticity and thermodynamics need to be 

improved. Besides, it becomes a critical issue that maintaining the external quantum 

efficiency (EQE) under high injection levels. In this dissertation, we give some 

optimized solutions for the algorithms or measuring methodologies of color 

temperature (or correlated color temperature), thermal resistance and junction 

temperature respectively. In addition, we study the mechanism of the EQE droop in 

InGaN blue LEDs in detail, and give a suggestion on mitigating it. This article 

contents the following parts: 

a) Optimizations on Correlated color temperature (CCT) algorithm. CCT are 

important parameters of the LED light sources. The procedure for calculating 

colorimetric parameters, such as color coordinates (u, v) and CCT from spectra data, 

is rather complicated. An advanced algorithm is necessary to simplify the computation. 

Based on the definition of chromaticity, the advantages and disadvantages of three 

classical CCT algorithms are analyzed, respectively, and a new dichotomy 

optimization algorithm as well as an equal-interval one, is proposed, whose principle 

and procedure are illustrated in detail. By comparing the results of dichotomy with the 

other classical algorithms by Planck formula and actual white LEDs spectra, it is 

proved that the dichotomy, better than the equal-interval, is a CCT algorithm with 

higher accuracy and faster speed.  

b) Optimizations on thermal resistance of LED packages. The appearance of 
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high-power LEDs lead to surge in luminous intensity, as well as great heat dissipation, 

which is quantified by thermal resistance. The total thermal resistance of a LED 

package is the sum of that of every single layer. It becomes a critical issue that 

measuring the thermal resistance of LED packages accurately and conveniently. A 

new evaluation method for thermal resistance of LED packages is proposed. The 

method is based on the electrical test method and the time constant theory. We 

realized an intrinsic connection between the 1st order derivative curve and time 

constant spectrum through out lot of experiments, that is, the former is the latter 

blurred by a core function. The thermal resistance of every single layer on the heat 

dissipation path is obtained by the appropriate inflection point on thermal transient 

response, which is calculated by the minimum point of the 1st derivative curve. Since 

the method only requires a natural convection heat sink, the thermal resistance of 

LED packages can be measured quickly and conveniently. The theoretical and 

experimental results show that it is an effective approach to the measurement of 

thermal resistance of LED packages in practical situations.  

c) Junction temperature measurement of InGaN LEDs via their spectra. The ultimate 

goal of all the thermal simulations and designs of LED packages is to lower the 

junction temperature to the greatest extend when LEDs are working. However, it is a 

fairly hard work to test the junction temperature under working circumstance. We 

investigate the current and temperature dependence of GaN-based high power blue 

light-emitting diodes and identify a set of temperature sensitive optical parameters 

(TSOPs) that can provide a real-time solution for determining the junction 

temperature (Tj). The relationships among Tj, forward current and TSOPs, “center of 

mass” wavelength, and, in particular, full width at half maximum (FWHM) have been 

studied. The temperature dependence and forward-current dependence are tested in 

experiment respectively. Empirical equations with simple expressions are established 

via curve fitting. Based on these equations, a two-dimension mathematic model 

among TSOPs, junction temperatures and forward current is established. The junction 

temperature of LEDs on working circumstance could get by measuring the spectra 

and forward-current data and substituting them to this model. The analysis indicates 
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that using FWHM may yield higher accuracy than using other parameters as TSOPs. 

d) Spatially resolved study of quantum efficiency droop in InGaN LEDs. The EQE 

droop problem has been investigated for decade. In the literature, two distinctly 

different types of EQE droop have been observed from different devices. One is those 

have a high forward current when EQE reach its maximum, and a slow droop rate 

when the current keeps on increasing; the other one is those have a low forward 

current when EQE reach its maximum, and a fast droop rate when the current keeps 

on increasing. In general, these two droop types, observed in individual devices, are 

spatially averaged results. A spatially resolved study of the droop, in conjunction with 

μ-PL, is performed to examine the two droop types in one single device, thus offering 

unambiguous analyses on the underlying material physics, without the complications 

of the processing variation. Two sorts of devices with different order of magnitudes, 

grown on free-standing GaN and sapphire substrates respectively, are investigated. It 

is found that in the former, the droop behaviors, as well as PL and EL, are totally 

different in different chip areas. Considering various experiment data, we suggest that 

the carrier capturing by microscopic defects and extended defects dictate the 

mechanisms of the droop. Energy traps in active region caused by the alloy 

composition fluctuation as well as the QW width fluctuation lead to carriers 

localization effect, may screen carriers from capturing by defect energy levels, 

relieving droop effect temporarily in the middle injection level, but is unable to 

prevent it when the carrier delocalization effect kicks in if the current keeps increasing. 

The first type corresponds to the average active region without any energy traps, 

while the second type corresponds to the active region contented energy traps. We 

suggest that to mitigate and eliminate the EQE droop essentially, one should reduce 

the density of micro defects and extended defect. It may be meaningless to 

concentrate simply on increasing the current when droop start.  

Keywords: High-power Light-emitting diodes; Correlated-color temperature; 

Thermal resistance; Junction temperature; External quantum efficiency droop 
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第一章 绪论 

 

1.1 LED 的历史和现状 

发光二极管 (Light-emitting diode, LED)，是一种基于 p-n 结二极管的发光器

件。在正向偏置电流作用下，p-n 结周围发出的电致发光光谱 (EL)，是源于 p 型

层和 n 型层的多数载流子——空穴和电子——的辐射复合作用。迄今为止，从人

类第一次观察到半导体的发光现象开始，LED 已经走过了一百多年的历史。早

在上个世纪的 1907年，英国电子工程师Henry Joseph Round 在研究碳化硅 (SiC)

“触须整流器”(cat’s whisker rectifier) 时，观测到金属节点的附近半导体发出了

各种颜色的光线[1]。这是人类有记录以来首次观测到的半导体电致发光现象。此

后的 30 多年间，陆续有诸如 Ge、Si 等半导体材料，甚至氧化铜，在和金属电极

接触的结点表面上发出可见光的报道，但是当时人们并不清楚这些现象的原因。 

 

 

图 1.1 不同半导体材料的能带间隙[9] 

 

二战后，美国的贝尔实验室重新启动了半导体材料在通信工程中的应用研发，

此举措带动了在全世界范围半导体技术的发展，尤其是在 p-n 结能带理论方面，
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William Shockley 提出了一个后来被广泛接受的物理模型[2-3]，使人们更加深入的

理解了 p-n 结的物理原理。例如，直接带隙和间接带隙半导体的区别，载流子的

移动和寿命[4]，少数载流子的发射[5]，电子空穴对复合以及光的产生[6]等等。这

些成果，使得 LED 呼之欲出。1962 年，第一个实用型 LED 在美国通用电气公

司 (General Electric Company) 诞生[7]，这是一个用 GaAs 材料做的红光二极管。

从此以后，III-V 族 LED 技术蓬勃发展，使用不同的半导体材料，例如 GaAs、

GaN、ZnS 等 LED 可使能带间隙 (Band-gap) 范围从 0.7 eV 至 6.28 eV，理论上

实现了从远红外到深紫外全光谱的涵盖(图 1.1)。同时，以金属有机气相沉积法 

(MOCVD) 为代表的 LED 制造技术也不断进步[8]。 

 

 

图 1.2 LED 器件结构(上)与能带图(下)[9] 

 

进入二十世纪九十年代后，大功率 LED 尤其是蓝光 GaN 基技术的发展将

LED 由指示灯领域引入照明工程领域。随着 1999 第一颗商用 1 W 大功率 LED

的诞生[10]，照明用大功率白光 LED 技术迅猛发展。发光效率不断提高，据美国

Cree 公司 (Cree, Inc.) 最新的报告，2012 年 4 月，该公司的大功率白光 LED 的

光效已经达到破纪录的 254 Lumin/W[11]。在比拼效率和功率的同时，各个公司也

在不断优化 LED 作为照明光源的视觉性能，比如优化光谱结构，增加显色性等

等。迄今为止，LED 已经广泛用于照明工程的各个领域，如室内照明，道路照
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明，显示屏背光等等，并且，正在进一步扩大市场份额。 

 

1.2 大功率 LED 概述 

1.2.1 p-n 结发光原理 

如图 1.2 所示，LED 的核心是一个 p-n 结。p-n 结内建电压构成了一定的势

垒，当外加正向偏置时势垒下降，p 区和 n 区的多数载流子向对方扩散。由于电

子迁移率比空穴迁移率大得多，大量电子向 P 区扩散，构成对 P 区少数载流子

的注入。这些电子与价带上的空穴复合，得到的能量以光能的形式释放，即载流

子对复合生成一定能量光子，这就是 p-n 结发光的原理。发光的波长或频率取决

于选用的半导体材料的能带间隙 Eg，它的单位为电子伏特 (eV) 。其与波长的关

系为： 

୥ܧ ൌ ߥ݄ ⁄ݍ ൌ ݄ܿ ሺݍߣሻ⁄                             (1.1) 

ߣ ൌ ݄ܿ ൫ܧݍ୥൯⁄                                   (1.2) 

式(1.1)和式(1.2)中，λ为发光波长，q 为基本电荷常数。 

半导体材料依照能带特性可分为直接带隙和间接带隙两种。在直接带隙半导

体材料中，导带最小值和满带最大值在 k 空间中处于同一位置，电子跃迁到导带

上时只需要吸收能量而不须改变动量。而在间接带隙半导体材料中，电子跃迁过

程中需要与晶格相作用，从而释放声子。发光二极管大都采用直接带隙材料，这

样可使电子直接从导带跃迁到价带与空穴复合而发光，获得较高的效率。反之，

采用间接带隙材料，有一部分电子能量将转换为晶格振动能量，因此，效率相对

较低。 

 

 

图 1.3 三种芯片结构：(a) 垂直结构；(b) 台阶结构；(c) 倒装结构[9] 
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